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INTRODUCTION 

Studies  under  this  funded  activity  are  focused  on  characterizing  the  role  of  the  PIM1  gene  in 
acquired  resistance  to  chemotherapy  drugs,  by  prostate  cancer  cells.  The  proposal  included 
three  specific  aims:  1)  to  define  a  novel  signal  transduction  pathway  activated  by  docetaxel,  2) 
to  characterize  the  mechanism  through  which  PIM1  activates  and  regulates  NFkB  signaling,  and 
3)  to  explore  genetic  and  pharmacologic  means  of  inhibiting  PIM1  activity  or  expression  to 
enhance  the  sensitivity  of  prostate  cancer  cells  to  docetaxel  and  other  chemotherapy  drugs. 

During  the  02  year  (October  1,  2006  through  9/30/2007)  progress  has  been  limited  due  the 
move  of  Dr.  Lilly’s  laboratory  from  Loma  Linda  University  to  the  University  of  California,  Irvine. 
The  Loma  Linda  laboratory  was  substantially  shut  down  at  the  end  of  October,  2006.  From  that 
period  until  July,  2007  the  grant  was  “in  hiatus”  as  the  two  institutions  negotiated  an  agreement 
through  which  the  grant  would  remain  at  LLU,  but  all  work  would  be  performed  by  Dr.  Lilly  via  a 
subcontract  to  UCI.  A  UCI  account  was  finally  established  by  the  end  of  July,  2007  and  the 
process  of  hiring  new  staff  began.  Nevertheless  some  progress  has  been  made.  Two  papers 
have  been  published  in  well-known  journals,  describing  the  activity  of  our  prototype  PIM1  kinase 
inhibitor.  In  addition  a  third  manuscript  has  been  submitted  to  the  Journal  of  Biological 
Chemistry. 

BODY 

We  will  outline  our  progress  through  reference  to  the  specific  aims  described  above.  The  first 

specific  aim  (specific  aim  #1)was  to  outline  a 
signal  transduction  pathway  activated  by 
docetaxel  and  involving  upregulation  of  PIM1 
expression.  This  pathway  has  been 
substantially  defined.  Using  RWPE2  prostate 
cells,  we  noted  that  docetaxel  treatment  rapidly 
leads  to  an  increase  in  expression  of  the  PIM1 
serine/threonine  kinase.  Expression  becomes 
apparent  at  3hrs  after  drug  addition,  peaks  at  9- 
12hrs,  and  returns  to  baseline  by  24hrs  (Fig.  1). 
This  increase  in  expression  is  accompanied  by 
an  increase  in  pim-1  mRNA,  as  shown  by  real 
time-PCR  analysis  (Fig.  2).  Thus  the  effects  of 
docetaxel  are  primarily  transcriptional  or  post- 
transcriptional. 

We  next  wanted  to  define  mechanisms  through 
which  pim-1  could  be  transcriptionally 
upregulated.  Transcription  of  pim-1  is  known  to 
be  activated  by  STAT  transcription  factors  and 
by  NFkB  transcription  factors.  We  examined 
the  time  course  of  STAT3  activation  after  docetaxel  treatment  (Fig.  1),  and  noted  that  it 
paralleled  the  course  of  pim-1  expression.  We  therefore  suspected  that  docetaxel  increased 
pim-1  expression  in  a  STAT3-dependent  manner.  This  was  directly  demonstrated  by  use  of 
decoy  oligonucleotides  (Fig.  2).  Double-stranded  DNA  oligonucleotides  matching  a  known 
STAT3  binding  site  blocked  the  drug-induced  upregulation  of  pim-1  expression,  while  a  decoy 
based  on  a  mutated  (non-binding)  STAT3  site  did  not.  These  data  therefore  establish  a  linear 
relationship  among  the  following  events:  docetaxel  treatments  STAT3  activations  pim-1 
expression. 


RWPE-2 

PIM1 

- - 

pSTAT3 

STAT3 

pACTIN 

0  3  6  9  12  24 

Fig.  1.  Time  course  of  PIM 1 ,  pSTAT3 
expression 
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We  hypothesized  that  NFkB  transcriptional 
activation  would  be  a  downstream  event  in  this 
signal  transduction  pathway,  because  many 
chemotherapy  drugs  and  other  stressors  are 
known  to  activate  NFkB.  We  engineered 
RWPE2  cells  to  constitutively  express  a  NFkB- 
dependent  promoter/luciferase  plasmid,  and 
found  that  docetaxel  treatment  increased  NFkB 
transcriptional  activity.  We  then  transiently 
infected  these  cells  with  a  p/m-7-encoding 
retrovirus.  Pim-1  expression  also  consistently 
increased  NFkB  transcriptional  activity.  To 
determine  if  the  drug-induced  increase  in  NFkB 
activity  occurred  in  a  pirn- 7-dependent  manner,  we  then  infected  the  reporter  cell  line  with  a 
retrovirus  encoding  a  dominant-negative  form  ol  pim-1 ,  pimNT81.  The  dominant  negative  pim-1 
cDNA  completely  blocked  the  drug-induced  upregulation  of  NFkB  activity,  demonstrating  that 
pim-1  expression  is  a  necessary  upstream  step  in 
the  drug-induced  activation  of  NFkB  (Fig.  3).  In 
aggregate  these  studies  establish  a  signal 
transduction  pathway  triggered  by  docetaxel 
treatment  of  RWPE2  prostate  cancer  cells. 

To  determine  if  this  pathway  modified  drug  toxicity, 
we  examined  the  effects  of  enforced  expression  of 
wild-type  or  NT81  pim-1  cDNAs  of  docetaxel  cell 
kill  (Fig.  4).  Docetaxel  produced  dose-dependent 
cell  kill  in  RWPE1,  2  cells.  Enforced  expression  of 
wild-type  pim-1  cDNA  markedly  reduced  cell  death. 

In  contrast,  expression  of  the  dominant  negative 
NT81  cDNA  enhanced  cell  death  after  docetaxel 
treatment.  These  data  demonstrate  that  pim-1 
expression  can  modulate  drug-induced  cell  death, 
and  demonstrate  that  the  survival  pathway 
described  above  is  a  legitimate  target  for  pharmacologic  intervention.  These  data  have  been 
submitted  to  the  Journal  of  Biological  Chemistry  (see  manuscript  in  appendix). 


The  goal  of  specific  aim  #2  was  to  define 
pathways  through  which  the  PIM1  kinase  could 
activate  NFkB  transcriptional  activity.  We  had 
hypothesized  that  PIM1  would  phosphorylate  the 
NFKB1/p105  precursor  protein  on  serine-937, 
leading  to  proteolytic  cleavage  of  the  protein  with 
release  of  active  p50  protein  as  well  as  other 
sequestered  NFkB  components  and  the  TPL2 
kinase.  In  the  previous  reporting  period  we 
demonstrated  that  PIM1  can  phosphorylate  the 
p105  NFKB1  precursor  on  serine  937,  a  novel 
phosphorylation  site.  In  addition  we  prepared  a 
polyclonal  antibody  specific  for  this  phosphorylation 
site.  During  the  early  part  of  this  reporting  period  a 


Fig.  4.  Modulation  of  docetaxel  cell  kill  by 
enforced  expression  of  pim-1  cDNAs. 
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Fig. 3.  Dominant  negative  PIM1  (NT81) 
blocks  docetaxel-induced  activation  of 
NFkB  transcriptional  activity 
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Fig.  2.  STAT3  decoy  oligonucleotide  blocks 
piml  increase  after  docetaxel  treatment 

Oligo  M  WT  M  WT 

Tax  0  +  0  + 

—  — - 

PIM1 

— 

pStat3 

Total 

Stat3 

5 


Michael  B.  Lilly,  MD 
W81 XWH-04-1  -0887 

number  of  studies  were  undertaken  to  characterize  the  expression  of 
DhosphoNFKB1/p105(S937),  using  our  phosphospecific  antibody.  An  initial  study  used  mutant 

(S937D)  pi  05  cDNAs  to 
mimick  the  effect  of 
phosphorylation.  These 

“phosphomimic”  proteins 
enhanced  NFkB  transcriptional 
activity  whereas  the 
corresponding  S937A  mutant 
inhibits  activity,  compared  to 
the  wild  type  NFKB1  protein 
(Fig. 5).  In  this  experiment, 

HeLa  cells  were  transfected 
with  a  luciferase  reporter  gene 
under  the  control  of  a  synthetic 
consensus  NFkB  binding  site, 
plus  WT  or  mutant  pi  05 
cDNAs.  Bars  indicate  the 
firefly  luciferase  activity  of  the 
transfectants,  normalized  to 
that  of  a  Renilla  luciferase 
transfection  control  plasmid. 
These  data  indicate  that  if 
PIM1  phosphorylates  S937  in  vivo,  it  likely  would  enhance  overall  NFkB  transcriptional  activity. 

The  third  specific  aim  (specific  aim  #3)  proposed  to  use  small  molecule  inhibitors  of  the  PIM1 
kinase  as  molecular  probes  to  determine  their  effect  on  docetaxel  sensitivity.  A  report 
describing  one  such  molecule,  the  flavonol  quercetagetin,  was  published  as  the  cover  article  in 
the  January,  2007  issue  of  Molecular  Cancer  Therapeutics  (1;  see  appendix  A).  We  have 
demonstrated  that  quercetagetin  in  a  moderately  potent  (IC50  =  340nM,  specific,  and  cell- 
permeable  inhibitor  of  PIM1  activity  in  prostate  cancer  cells.  Key  data  include  the 
demonstration  that  quercetagetin  in  competitive  with  ATP.  A  crystal  structure  of  PIM1  in 
complex  with  quercetagetin,  or  with  three  other  flavonoids,  has  been  determined.  We  have  also 
shown  that  quercetagetin  is  able  to  inhibit  the  activity  of  the  PIM1  kinase  in  prostate  cancer  cells 
at  an  IC50  of  about  5.5pM.  Interestingly  the  activity  of  the  AKT  kinase  is  not  inhibited  at  all  under 
these  conditions.  A  companion  article,  presenting  a  pharmacophore  analysis  of  flavonoid 
inhibitors  of  PIM1,  has  also  been  published  recently  (2;  see  appendix  B).  We  have  recently 
obtained,  and  begun  characterizing,  novel  small  molecule  inhibitors  of  PIM1  from  Exelixis 
Corporation  and  from  Dr.  Andrew  Kraft  (Hollings  Cancer  Center).  These  molecules  show 
additive,  or  at  some  concentrations  synergistic,  cell  growth  inhibition  in  that  PIM1  kinase  acts  to 
inhibit  cell  death  caused  by  the  cytotoxic  drug  docetaxel,  and  that  blocking  the  activity  of  PIM 
can  potentiate  cell  kill  and  overcome  cytotoxic  drug  resistance. 

KEY  RESEARCH  ACCOMPLISHMENTS  THROUGH  OCTOBER  31,  2007 

•  Definition  of  a  novel  survival  pathway  activated  by  docetaxel  treatment,  and  involving 
sequential  activation  or  expression  of  STAT3,  PIM1,  and  NFkB  components. 

•  A  manuscript  describing  the  above  pathway  has  been  submitted  to  Journal  of  Biological 
Chemistry,  and  is  currently  under  revision. 

•  Identification  of  serine-937  as  the  major  phosphorylation  site  for  PIM1  on  the 
p105/NFKB1  precursor  protein 


Fig.  5.  NFkB  transcriptional  activity  of  pi  05  mutants,  WT 
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•  Identication  of  quercetagetin  as  a  moderately  potent  and  specific,  cell-permeable  PIM1 
kinase  inhibitor 

•  Demonstration  that  XL-1075  and  XL-1154  can  show  additive  or  synergistic  cell  kill  in 
prostate  cancer  cells  treated  with  docetaxel 

•  Abstract  presented  at  the  annual  AACR  meeting,  Washington  DC,  April,  2006 

•  Paper  describing  the  activity  of  quercetagetin  as  a  PIM1  kinase  inhibitor,  published  in 
January,  2007  issue  of  Molecular  Cancer  Therapeutics  (cover  article) 

•  Paper  describing  pharmacophore  analysis  of  flavonoid  inhibitors  of  PIM 1 ,  published  in 
March,  2007  issue  of  Bioorganic  and  Medicinal  Chemistry 


REPORTABLE  OUTCOMES 

Manuscripts  Published 

Holder  SL,  Zemskova  M,  Bremner  R,  Neidigh  J,  Lilly  MB:  Identification  of  specific,  cell- 
permeable  small  molecule  inhibitor  of  the  PIM1  kinase.  Mol  Cancer  Therapeutics  6:163-72 
(2007). 

Holder  SL,  Lilly  MB,  Brown  ML:  Comparative  Molecular  Field  Analysis  of  Flavonoid  Inhibitors 
of  the  PIM-1  Kinase.  Bioorg  Med  Chem  (in  press,  2007) 

Manuscript  Under  Review 


CONCLUSIONS 

Our  data  demonstrate  that  PIM1  is  a  critical  component  of  a  survival/stress  pathway  activated 
by  docetaxel  treatment  of  prostate  cancer  cells.  This  pathway  leads  to  activation  of  NFkB- 
dependent  transcription,  possibly  by  phosphorylation  of  p105/NFKB1  by  PIM1  at  serine-937. 
Targeting  PIM1  kinase  activity  with  quercetagetin,  or  other  PIM1  kinase  inhibitors,  leads  to 
additive  or  synergistic  cell  kill  following  docetaxel  treatment. 

REFERENCES 

1 .  Holder  SL,  Zemskova  M,  Bremner  R,  Neidigh  J,  Lilly  MB:  Identification  of  specific,  cell- 
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APPENDIX 

Research  data  are  presented  throughout  the  body  of  this  report. 

The  appendix  contains  four  items: 

A.  Manuscript :  Holder,  et  al. ,  “Characterization  .  .  .  kinase.”  MCT 

B.  Manuscript:  Holder,  et  al.,  “Comparative  ...  kinase.”  BMC 

C.  Manuscript:  Zemskova,  et  al.,  “The  PIM  .  .  .  cells.”  JBC 

D.  Curriculum  vitae  for  Michael  Lilly,  MD 
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Abstract 

The  pint-1  kinase  is  a  true  oncogene  that  has  been 
implicated  In  the  development  of  leukemias,  lymphomas, 
and  prostate  cancer,  and  is  the  target  of  drug  development 
programs.  We  have  used  experimental  approaches  to 
identify  a  selective,  cel-permeable,  smal-molecule  inhib¬ 
itor  of  the  pim-1  kinase  to  foster  basic  and  translational 
studies  of  the  enzyme.  We  used  an  ELISA-based  kinase 
assay  to  screen  a  diversity  library  of  potential  kinase 
inhibitors.  The  flavonol  quercetagetin  13,3,4,5,6,7- 
hydroxyflavone)  was  identified  as  a  moderately  potent. 
ATP-competitive  inhibitor  IICso,  0.34  pmol'Ll.  Resolution 
of  the  crystal  structure  of  PIM1  in  complex  with 
quercetagetin  or  two  other  flavonoids  revealed  a  spectrum 
of  binding  poses  and  hydrogen-bonding  patterns  in  spite  of 
strong  similarity  of  tire  ligands.  Quercetagetin  was  a  lug  lily 
selective  inhibitor  of  PIM1  compared  with  PIM2and  seven 
other  serine-threonine  kinases.  Quercetagetin  was  able  to 
inhibit  PIM1  activity  in  intact  RWPE2  prostate  cancer  cells 
In  a  dose-dependent  manner  |EDS0.  S.S  pmol'L).  RWPE2 
cells  treated  with  quercetagetin  showed  pronounced 
growth  Inhibition  at  inhibitor  concentrations  that  blocked 
PIM1  kinase  activity.  Furthermore,  the  ability  of  querce¬ 
tagetin  to  Inhibit  the  growthof  other  prostate  epithelial  cell 
lines  varied  in  proportion  to  their  levels  of  PIM1  protein. 
Quercetagetin  can  function  as  a  moderately  potent  and 
selective,  cell-permeable  inhibitor  of  the  pim-1  kinase,  and 
may  be  useful  for  pro  of -of -concept  studies  to  support  the 
development  of  clinically  useful  PIM1  Inhibitors.  [Mol 
Cancer  Ther  2007;6111:163-721 
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Introduction 

The  pirn  family  of  serine-threonine  kinases  is  composed  of 
three  highly  homologous  genes,  pim-1,  ptm-2,  and  pim-3. 
These  enzymes  are  increasingly  being  recognized  as 
important  mediators  of  survival  signals  in  cancers,  stress 
responses,  and  neural  development  (1-6).  In  addition, 
these  kinases  are  const itutivdy  expressed  in  some  lu mors 
and  function  as  true  oncogenes.  Thus,  they  are  of 
significant  Interest  as  targets  for  therapeutic  intervention. 

Small- molecule  inhibitors  are  important  molecular 
probes  for  studying  protein  kinases.  In  addition,  they 
may  serve  as  protype  therapeutic  agents  for  treating 
diseases  resulting  from  unregulated  kinase  activity.  Three 
prior  reports  have  shown  that  known,  promiscuous  kinase 
inhibit orscan  inhibit  PIM 1  function  in  vitro.  Jacobs et  al.  (7) 
showed  tlvat  several  staurosporine  and  btsindoyl-malei- 
mide  analogues,  as  well  as  the  morpholino-substituted 
chromone  LY294002,  were  able  to  inhibit  PIM1  activity 
in  vitro.  Subsequently,  Fabian  et  al.  (8)  presented  an 
interaction  map  involving  1 13  kinases  and  20  small- 
molecule  kinase  inhibitors  now  under  clinical  study.  Only 
three  inhibitors  had  delectable  binding  to  (and  presumably 
inhibitory  activity  against)  PIM1 — two  slaurosporine 
analogues  and  flavopiridol,  a  flavonoid  undergoing  ev  al¬ 
uation  as  an  inhibitor  of  cyclin-dependent  kinases.  A  recent 
report  (9)  continued  the  activity  of  bisindoylmaleimide 
derivatives  as  well  as  some  flavonoids  in  vitm .  All  of  Die 
identified  inhibitors  either  lacked  specificity  for  PIM1  or 
were  only  modestly  active  al  low  micromolar  concentra¬ 
tions,  or  both.  Furthermore,  none  of  these  reports  showed 
that  tlie  test  agenLs  could  selectively  inhibit  PIM  I  activity  in 
intact  cells. 

To  further  our  basic  and  translational  studies  of  the  pstn 
kinases,  we  have  sought  to  identify  small-molecule 
inhibitors  of  PIM1.  We  here  report  that  Die  flavonol 
quercetagetin  is  a  selective  PIM1  inhibitor  with  nanomolar 
potency  and  can  differentially  inhibit  the  kinase  in  cell- 
based  assays. 

Materials  and  Methods 

Cell  Lines  and  Culture  Methods 

Tlie  prostate  epithelial  cell  lines  RWFE I ,  RWPE2,  LNCaP, 
and  PC3  were  obtained  from  the  American  Type  Culture 
Collection  (Manassas,  VA)  and  cultured  in  the  recommen¬ 
ded  medium.  We  produced  additional  pools  of  RWPH2 
prostate  cells  dial  overexpressed  pim-1  through  retroviral 
transduction.  The  coding  region  for  the  human  pim-1  gene 
was  cloned  into  the  pLNCX  retroviral  vector  (Clontech, 
Mountain  View,CA).  Infectious  viruses  were  produced  in 
Uae  GF-293  packaging  cell  line  by  cotransfect  ion  with 
retroviral  backbone  plasmids  (pLNCX  or  pl.NCX/pim-1) 
and  with  pVSV-G,  a  plasmid  dial  expresses  the  envelope 
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glycoprotein  from  vesicular  stomatitis  virus.  Forty-eighI 
houis  after  transfection,  Uie  medium  wav  collected  and  lire 
virus  particles  were  concentrated  as  described  in  the 
manufacturer's  protocol  (Clontech).  RWPE2  cells  were 
plated  at  1  x  10*  per  60-mm  plate  16  to  IS  h  before 
infection.  Cells  were  infected  with  5  x  10*  viral  particles  in 
the  presence  of  Sjig/mLpolybrene.  After  6  hot  incubation. 
Dae  virus-containing  medium  was  replaced  with  fresh 
medium,  and  on  the  next  day  G418  (400  gg/mL)  was 
added  to  select  infected  cells.  After  10  days  of  selection, 
stable  cell  pools  were  established  and  PIM I  expression  was 
verified  by  immuncblotlipg. 

For  gmwth- inhibition  experiments,  cells  were  plated  onto 
24-well  plates  and  fixed  with  formaldehyde  at  interval.. 
Cell  number  was  quantified  by  crystal  violet  staining  (10). 

Recombinant  pim  Kinases  and  Kinase  Assays 

We  prepared  recombinant  PIMI  and  PIM2as  glutathione 
S -transferase  (GST)  fibiortv  in  Escherichia  cuff,  as  described 
(II).  For  lire  inhibitor  screening  assays,  a  solid-phase  kinase 
assay  was  developed  based  on  our  demonstration  Drat  PIM  1 
is  a  potent  kinase  for  phosphoryla ting  BAD  on  Serl° 
(11,  12).  Ninely-six-well  flat-bottomed  plate,  were  coated 
overnight  at  4°C  with  recombinant  GST-BAD  II  pg/well  in 
HEFE5  buffer.  136  mmol/L  NaCl,  26  mnrol/L  KCt  and 
20  mmol/L  HEPES  (pH  75)  J.  The  plates  were  then  blocked 
for  I  h  at  room  temperature  with  10  pg/mL  bovine  serum 
albumin  in  HEPES  buffer.  Tire  blocking  solution  wav  then 
removed  and  5  pL  of  each  inhibitor,  dissolved  in  50% 
DMSO,  were  added  to  each  well.  Then,  100  pL  of  kinase 
buffer  [20  mmol/L  MOPS  (pH  7j0),  125  mmol/L  MgCh, 
1  mmol/L  Mn Ch,  1  mmol/L  EGTA,  150  mmol/L 
NaCl  10  pmol/L  ATP,  1  nrmol/L  DTT,  and  5  mmol/L 
|V-glycerophosphate|  containing  25  ng  recombinant  GST- 
PIM1  kinase  were  added  to  each  well.  The  final  concentra¬ 
tion  of  each  inhibitor  was  —10  pmol/L.  The  plate  was 
placed  on  a  gel  slab  dryer  prewarmed  to  30°C,  and  lire 
kinase  reaction  was  allowed  to  proceed.  The  reaction  was 
slopped  after  60  min  by  removal  of  lire  reaction  buffer, 
followed  by  the  addition  of  100  pL  of  HEPES  buffer 
containing  20  nrmol/L  EDTA  to  each  well.  Phosphorylated 
GST-BAD  was  detected  by  an  ELISA  reaction,  using  as  first 
antibody  a  monoclonal  anli-phospho-BAD{SI  13  antibody 
(Cell  Signaling,  Danv  ers,  MA),  a  secondaiy  goat  anti-mouse 
IgG-peioxidase  conjugated  antibody  (Pierce,  Rockford,  IL), 
and  Turbo-TMB  peroxidase  substrate  (Pieroe).  The  level  of 
phosphoryla  ted  GST-BAD  prevent  was  proportional  to  lire 
absorbance  at  450  nm. 

For  quantitative  and  kinetic  studies  of  inhibitors  against 
various  BADfSI  12)  kinases,  a  solution  phase  assay  was 
used.  A  biotinylated  peptide  hased  on  the  PIM  I  phosphor¬ 
ylation  site  of  human  BAD  was  synthesized  (GGAGA- 
VETRSRHSSYPAGTE)  and  used  as  tire  assay  substrate. 
Recombinant  GST-PIMI  (25  ng /reaction)  w.s  preincubated 
with  various  concentrations  of  inhibitors  in  the  previous 
kinase  buffer  (f  iival  volume  100  pL).  The  reaction  proceeded 
by  addition  of  substrate  peptide,  followed  by  incubation  for 
5  min  in  a  30  °C  water  hath.  The  reaction  was  terminated  by 
transferring  the  mixture  to  a  streptavidin-coated  96-well 


plate  (Pierce)  containing  100  pL/well  of  40  nrmol/L  EDTA. 
The  biotinylated  peptide  substrate  was  allowed  to  bind  to 
the  plate  at  room  temperature  for  10  min.  The  level  of 
phosphorylation  was  then  determined  by  ELISA  as 
described  above.  Curve  fitting  and  enzyme  analyses  were 
done  using  GraphPad  Prism  version  400  for  Windows 
(GraphPad  Software,  San  Diego,  CA).  For  Ure  additional 
BAD(S112)  kinases  [PIM2,  RSK2  (rbosomal  S6  kinase  2), 
and  PKA  (cyclic  AMP-dependent  protein  kinase) l  reac¬ 
tion  components  were  as  described  above.  As  with  the 
PIMI  assays,  an  ATP  concentration  of  lOpmol/Lwas  u»ed. 
Furthermore,  with  each  kinase,  linear  reaction  velocities  for 
tire  duration  of  the  reaction  were  confirmed  (data  not 
shown). 

To  f  urtherassess  lire  specificity  of  quercetagetin  as  a  PIMI 
inhibitor,  its  activity  against  a  panel  of  serine-threonine 
kinases  was  also  studied  through  a  commercial  kinase 
inhibitor  profiling  service  (Kinase Profiler;  Upstate  Biotech¬ 
nology,  Charlottesville,  VA).  All  KlnaseProfiler  assays  were 
conducted  using  10  pmol/L  ATP  concentrations. 

Smalt -Molecule  Library  Screening 

We  obtained  a  library  of  1,200  compounds  Drat  had 
slmclural  affinity  to  known  kinase  inhibitors  (TimTec,  Inc„ 
Newark,  DE).  The  entire  libraiy  was  screened  once  with 
our  solid-phase  ELISA  kinase  assay,  with  each  compound 
at  - 10  pmol/L  concert  Ira  lion.  Positive  hits  were  rescreened 
at  the  same  concentration.  Compounds  that  had  reproduc¬ 
ible  activity  at  10  pmol/L  were  then  screened  at  a  range  of 
concentrations  from  0.001  to  300  pmol/L.  Additional 
flavonoids  were  purchased  from  Indofine  Chemicals 
(Hillsborough  NJ)  and  were  tested  in  a  similar  protocol 

Measurement  of  PIMI  Kinase  Activity  in  Cells 

RWPE2  cell  pools,  stably  infected  with  empty  retrovirus 
or  per; -I  -encoding  retrovirus,  were  seeded  in  six-well 
plates  at  5  x  10s  cells  per  well.  After  18  h,  the  nomaal 
supplemented  keratinocyte  medium  was  removed  and 
replaced  with  supplement-free  keratinocyte  medium.  Cells 
were  liven  incubated  for  an  additional  20  h.  Quercetagetin, 
or  an  equiv  alent  volume  of  DMSO,  was  added  to  Uie  cells 
3  h  before  Uie  end  of  the  starvation  period.  At  Uie  conclu¬ 
sion  of  Uie  starvation  period,  Uie  cells  were  washed  twice 
with  PBS  and  subsequently  lysed  in  a  denaturing  buffer 
wiUi  protease,  phosphatase  inhibitors.  The  lysates  were 
normalized  by  total  protein  content  (BCA  protein  assay, 
Pieroe),  Uien  analyzed  by  immunoblotting  wiUi  the 
following  antibodies  monoclonal  anti-PIMl  (Santa  Cruz 
Biotechnologies,  Santa  Cruz,  CA);  monoclonal  anU-(V-aclin 
(Sjgma,  St.  Louis,  MO);  monoclonal  anli-BAD  (Transduc¬ 
tion  Laboratories,  Franklin  Lakes,  NJ);  and  monoclonal 
anli-phospho-BAD(Sl  12),  polyclonal  anli-phospho- 
AKT(S473),  and  anli-AKT  (all  from  Cell  Signaling). 

Cloning.  Expression  Purification  and  Crystallization 
of  PIMI 

The  production,  purification  and  characterization  of  re¬ 
combinant  6His-tagged  PIMI  proteins  for  ciystallography 
have  been  described  previously  (13).  To  obtain  cocrysLib 
of  complexes  of  the  protein  with  ligands,  Uie  protein 
solution  was  initially  mixed  wiUi  Uie  compound  (dissolved 
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in  DMSO)  at  a  final  compound  concentration  of  I  mmol/L 
and  then  set  up  for  crystallization  The  protein  was 
crystallized  by  a  sitting-drop,  vapor-diffusion  experiment 
in  which  equal  volumes  of  protein  (10-15  mg/mL 
concentration)  and  reservoir  solution  [0. 4-0.9  mol/L 
sodium  acetate,  0.1  mol/L  imidazole  (pH  65)|  were  mixed 
and  allowed  to  equilibrate  against  Die  reservoir  at  4'C.  The 
crystals  routinely  grew  to  a  size  of  200  x  200  x  800  nm  in 
-2  to  3  days. 

Structure  Determination 

X-ray  diffraction  data  were  collected  at  Advanced  Light 
Source  (Berkeley,  CA).  All  data  were  processed  and  reduced 
with  MOSFLM  and  scaled  with  SCALA  of  tire  CCP4  suite  of 
programs  using  the  software  ELVES.  The  space  group  of  all 
crystals  was  detennined  to  be  Pbj,  with  the  cell  axes  being 
approximately  99,  99,  and  80,  and  one  protein  monomer 
beirrg  present  in  live  symmetrical  unit.  AD  structures  were 
determined  by  molecular  replacement  using  the  apo  PIMI 
structure  (1YWV;  ref.  13)  as  a  model,  and  refined  by  CNX 
and  REFMAC5.  Crystallographic  statistics  are  reported  in 
Supplementary  Table  SI."  lire  coordinates  and  structure 
facto  is  for  lire  structures  have  been  deposited  with  lire  RCSB 
Protein  Data  Bank  (accession  codes  2063, 2064, 2065). 

Results 

Screening  of  a  Chemical  Library  with  Structural 
Affinity  to  Known  Kinase  Inhibitors 

As  an  initial  approach  to  tire  identification  of  PIMI 
inhibitors,  we  screened  a  library  of  small  molecules  whose 
structures  were  similar  to  those  of  known  kinase  inhibitors. 
Of  Die  seven  compounds  that  had  reproducible  inhibitory 
activity  at  10  pmol/L,  six  were  flavonoids  [quercetin, 
luteolin,  kaempfeml,  7-hydroxy flavone,  ( S  )-5,7-d  i  h yd roxy - 
8-(3-iirethylbul-2-ene)flavanone,  and  (R)-5,7-dihydroxyfla- 
vanonej.  These  compounds  exhibited  a  range  of  inhibitory 
potencies  (as  ICso)  from  1.1  to  60  umol/L  Thirty-seven 
other  flavonoids  failed  to  show  detectable  inhibitory 
activity  at  10  umol/L.  These  inactive  compounds  were 
characterized  in  most  cases  by  bulky  (charged  or  un¬ 
charged)  groups  at  lire  3, 3 (,  4',  or  7  positions;  lack  of  at  least 
two  hy dtogen  bond  donors  on  lire  A  or  C  rings;  presence  of 
glycoside  linkages;  or  failure  of  all  rings  to  adopt  a  planar 
conformation. 

The  most  active  compound  in  tire  chemical  library  was 
lire  flavonol  quercetin  (ICs>,  1. 1  pmol/L),  a  known  inhibitor 
of  kinases  and  many  other  enzymes  (14—19).  Furthermore, 
six  of  lire  seven  compounds  with  reproducible  activity  at 
10umol/L  were  flavonoids.  Hence,  we  screened  additional 
flavonoids  to  identify  molecules  with  inhibitory  activity 
against  lire  PIMI  kinase  (Fig  1).  The  most  active  molecule 
was  the  flavonol  queicelagelin  (ICjo,  034  umol/L).  The  four 
flavonoids  with  tire  highest  inhibitory  activity  were 
characterized  by  tire  presence  of  five  to  six  -OH  groups 
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distributed  between  lire  A  and  B  rings  hr  comparison,  the 
hydroxyl  groups  on  lire  B  ring  seemed  to  be  more  critical 
for  the  activity  of  the  compounds  than  those  on  the  A  ring 
as  compounds  with  an  unsuhst Muted  B  ring  showed  greatly 
red uced  activity.  Finally,  a  hydmplrobic  substituent  at  the 
8  position  was  tolerated. 

Quercetagetin  Is  a  Selective.  Patent  Inhibitor  of  PIMI 
In  vitro 

To  assess  the  selectivity  of  quercetagetin  for  PIMI,  we 
determined  its  ICjo  value  toward  the  alternative  BAD(S1 12) 
kinases  RSK2,  PKA,  and  PIM2  (Table  1).  The  IQo  of 
quercetagetin  for  PIMI  kinase  was  (X34  umol/L,  whereas 
lire  corresponding  values  lor  lire  other  kinases  were  9-  to 
70-fold  higher. 

To  further  characterize  the  specificity  of  quercetagetin,  its 
inhibitory  activity  was  examined  at  1  or  10  umol/L  against 
additional  serine-threonine  kinases  (c-Jun-NH2-kinase  I, 
PKA,  Aurora-A,  c-RAF,  and  PKCfl;  Fig.  2).  At  lire  lower 
concentration,  the  selectivity  of  quercetagetin  was  most 
apparent,  hr  tire  presence  of  1  umol/L  inhibitor,  PIM 1 
activity  was  inhibited  by92%.  In  contrast,  tire  activity  of  Ore 
oUrer  kinases  was  inhibited  by  only  0%  to  41%.  In 
aggregate,  these  studies  established  that  quercetagetin 
was  a  severalfold  mote  potent  inhibitor  for  pirn- 1  kinase 
than  for  seven  oUrer  serine-Urreonine  kinases,  hr  addition, 
quercetagetin  was  completely  inactive  against  Ore  c-abl 
tyrosine  kinase  when  tested  at  the  200  umol/L  concentra¬ 
tion  (data  not  shown). 

Crystallographic  Analysis  of  Quercetagetin  in  Com¬ 
plex  with  PIMI 

Recently,  several  crystal  strictures  of  the  PIMI  kinase 
have  been  solved  and  presented,  including  apo  lorms  and 
Ore  enzyme  in  complex  wiOr  a  variety  of  ligands  (7,  9,  13, 
20,  21).  Because  the  PIMI  protein  has  several  unique 
stmctural  features  around  its  ATP-binding  pocket,  includ¬ 
ing  tire  lack  of  the  canonical  hydrogen  bond  donor  from  the 
hinge  region  typically  used  by  kinases  to  bind  ATP-like 
ligands,  we  detennined  lire  crystal  structure  for  the  kinase 
in  complex  with  three  flavonoid  inhibitors;  quercetagetin, 
myricelin,  and  5,73,/4,,5  -  pen  tahy  d  roxy  fla  vo  ne  (Fig.  3). 

Tire  three  flavonoid  inhibitors  show  two  distinct  binding 
poses,  denoted  here  as  orientations  I  and  II,  respectively. 
Quercetagetin,  the  compound  with  two  hydroxyl  groups 
on  tire  B  ring  adopts  orientation  I,  whereas  lire  compounds 
with  a  Irisuhsliluted  B  ring  (myricelin  and  5,73’,4’,5'- 
pent  air  yd  roxy  fla  vone )  adopt  orientation  II. 

The  binding  pose  of  quercetagetin  in  PIMI  (Fig  3A) 
closely  resembles  that  of  quercetin  in  phosphat idy  I inosito I 
3-kinase  -y  (1E8W;  ref.  22)  and  that  of  fisetin  in  CDK6 
( 1X02;  ref.  22),  designated  here  as  orientation  1.  As  seen  in 
lire  two  earlier  structures  (Fig.  3D  and  E),  lire  3-OH  of  lire 
quercetagetin  (Fig.  3A)  makes  a  canonical  hydrogen  bond 
with  backbone  carbonyl  oxygen  of  lire  hinge  residue  Ou1!:. 
In  addition,  lire  B  ring  of  quercetagetin  binds  deep  inside 
tire  PIMI  ATP-binding  pocket,  with  the  4'-hydroxyl  group 
hydrogen-bonded  to  lire  side  chains  of  two  highly 
conserved  residues,  Lys67  and  Qu*.  However,  significant 
differences  were  also  observed  between  lire  curt  art 
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structure  and  the  two  reported  structures.  In  both  I E8W  and 
1X02,  lire  4-kelo  group  of  the  chromenone  core  of  tire 
compound  formed  a  hydrogen  bond  with  tire  same  hinge 
amide  nitrogen  |Val,ltr  in  phosphatidyl  inositol  Vkin.se  -y 
{Fig.  3D)  and  Val“l  in  CDKb  (Fig.  3E)|.  However,  there  is  no 
direct  interaction  between  the  4-kelo  group  of  quercetagetin 
and  the  amide  nitrogen  of  Uie  corresponding  residue  Pro12* 
in  PIM1  because  proline  is  incapable  of  acting  as  a  hydro¬ 
gen  bond  donor.  Instead,  the  4-keto  group  of  quercetagetin 
nukes  close  contact  with  lire  backbone  Ca  of  Aig“2  (3.4  A). 
It  is  not  dear  whether  this  interaction  makes  a  positive 
contribution  to  lire  binding  of  quercetagetin  to  FIM  L 

Tire  B  ring  of  quercetagetin  binds  deep  inside  Ore  PtMl 
ATP-binding  pocket.  The  4 -hydroxyl  group  forms  hydro¬ 
gen  bonds  wiUr  both  Lys67  and  Glu  ,  two  of  Ore  most 
conserved  residues  in  kinases.  As  has  been  noted, 
satisfying  tire  hydrogen  bonding  requirements  at  this 
region  is  one  of  the  determining  features  of  binding  of 
compounds  to  F1M1  (13). 

When  compared  with  quercetagetin,  the  chromenone 
core  of  myrioetin  (Fig.  3B)  and  5,7,3',4','>  -penLrhydroxyfa- 
vone  (Fig.  3C)  has  flipped  180°  in  PIMI  such  that  the  B  ring 
is  now  oriented  toward  Ore  entrance  of  Ore  ATP  pocket.  A 
possible  explanation  for  adopting  ths  orientation  is  tlrat  the 
interior  of  tire  ATP  pocket  cannot  accommodate  Ore  B  ring 


wiOr  three  hydroxyl  substitutions.  Although  they  bind  in 
tire  same  orientation,  there  are  important  differences 
between  Ore  binding  poses  of  Ore  two  compounds,  which 
can  be  attributed  to  the  presence  or  absence  of  Ore  3- 
hydroxyl  group.  Tire  3-hydroxyl  group  in  myrioetin  still 
makes  a  hydrogen  bond  wiOr  Ore  carbonyl  oxygen  of 
Gluia,  despite  tire  difference  in  binding  orientation. 
Because  of  tire  adjacent  4-kelo  group.  Ore  3-hydroxyl  is 
likely  to  be  most  acidic  of  all  Ore  hydroxyl  groups  in  Ore 
compound,  and,  as  a  result,  it  dictates  Ore  overall  posi¬ 
tioning  of  the  compound.  Another  interaction  Oral  may 
contribute  to  Ore  ohserved  binding  pose  is  a  hydrogen 
bond  between  Ore  3'-hydroxyi  group  of  myrioetin  and  the 
carbonyl  oxygen  of  Pro17*  (Fig.  3B).  The  importance  of  Ore 
3-hydroxyl  group  is  evident.  The  second  compound, 
5,7,3'4',‘i'-  pen  tally  d  roxy  Oa  v  oire,  lacking  such  a  group, 
makes  no  direct  interaction  with  the  hinge  region. 

Quercetagetin  Inhibits  PIIVT1  Kinase  Activity  in  Intact 
Cells 

To  determine  if  quercetagetin  could  act  as  a  cell- 
permeable  PIMI  inhibitor,  we  examined  Ore  activity  of 
the  Oavonol  in  RWPE2  prostate  cancer  cells.  We  st  udied  Ore 
phosphorylaUon  of  endogenous  BAD  on  Ser1£2,  under 
conditions  of  growOr  factor  starvation,  as  an  indicator  of 
intracellular  PIMI  activity  (Fig.  4). 
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Table  1 .  Quercetagutin  is  a  selective  inhibitor  of  the  PIMI  kinase 
ovor other  BADIS112I  kinases 


Kiiuse 

If  an  (>enol/l.) 

1-riK  IC*  (tunol/  L) 

SEof  faglC,n 

R= 

PIMI 

031 

-0  46 

at  2 

098 

TIM2 

345 

035 

022 

094 

PKA 

212 

133 

023 

094 

RSK2 

2X2 

045 

009 

099 

NOTE.  AD  die  were  derived  tom  ncnlnre  rvffvsgoon  evksA  usng  a 
hnrferenrin  xtfisex  tut  esume  i  HdD  oetdeit  d  I. 


RWFE2  oells  infected  with  a  nec-expressing  retrovirus 
showed  little  phospho-BAD(Sl  12)  when  cultured  overnight 
in  basal  serum-free  medium.  However,  cells  with  enforced 
expression  of  PIM1  kiiuse  had  a  4-fold  higher  amount  of 
phospho-BAD,  reflecting  the  ability  of  the  PIMI  protein  to 
phosphory  late  Uie  endogenous  BAD  protein.  When  pun-1  - 
expressing  cells  were  treated  with  quercelagetin,  photspho- 
BAD(S112)  levels  were  markedly  teduced  in  proportion  to 
llie  concentration  of  the  inhibitor.  Half-maximal  inhibition 
occulted  at  55  pmcl/L  extracellular  concentration.  Quer- 
cetagetin  did  not  inhibit  the  activity  of  lire  AKT  kiiuse 
under  these  conditions,  as  indicated  by  persistent  phos- 
plvuylation  of  AKT  on  Ser473.  These  data  indicate  that 
quercelagetin  was  able  to  selectively  block  Use  ability'  of 
PIMI  ha  phots  phorylate  BAD  in  intact  cells. 

QuercetagetinTreatnient  Reproduces  a  Known  pirn-1 
Knockdown  Phenotype 

If  quercelagetin  acts  as  a  true  PIMI  inhibitor,  then  it 
should  reproduce  a  pun- 1  -dependent  phenotype  in  lire 
target  cells.  W'e  have  shown  that  PIMI  inhibition  by  genetic 
means  (small  interfering  RNA)  inhibits  the  proliferation  of 
RW'PEl  and  RWPE2  cells  (Supplementary  F|g.  SI).*  We 
therefore  determined  if  quercelagetin  could  reproduce  Dais 
phenotype.  RWPE2  cells  were  treated  with  quercelagetin 
for  up  to  72  h  (Fig.  5A).  Maiked  dose-dependent  growth 
inhibition  was  apparent  by  24  h,  leading  to  persistent 
growth  ariest  thereafter.  Quercelagetin  repmduced  this 
piny  1  -dependent  phenotype  at  a  drug  concentration 
Dial  inhibited  Die  enzyme  in  cells  (EEVjo,  3.8  giaaol/l. 
Fig.  5B).  Similar  results  were  seen  in  RWPE I  cells  (data 
not  shown).  Apoptolic  cells,  showing  cytoplasmic  blebbipg 
and  detachment,  were  rare,  but  dividing  cells  virtually 
disappeared  in  cultures  treated  with  quervetagetin  at 
625  pmol/L  or  higher  concentrations  (data  not  shown). 
DMA  histograms  obtained  at  24  h  after  the  addition  of 
quercetagetin  (625  pmol/L)  or  DMSO  vehicle  were  very 
similar  (Fig.  5C).  Neither  showed  a  <2n  population  sugges¬ 
tive  of  apoptosis.  There  was  a  slight  increase  in  Die  propor¬ 
tion  of  cycling  cells  (S  +  Gj-M)  in  llie  drug-treated  samples. 

A  PIMI  inhibitor  would  be  predicted  to  inhibit  the 
growth  of  cells  that  express  the  molecular  target,  more  than 
cells  with  little  or  no  pinyl  expression.  We  examined  llie 
effects  of  quercelagetin  on  tire  growth  of  prostate  cell  lines 
Dial  express  a  spectrum  of  PIMI  levels.  RWPE2  cells 
expressed  live  highest  amount  of  PIMI  protein;  PC3had  an 
intermediate  level;  and  LNCaP  cells  showed  the  lowest 


amount  of  kinase  pmtein  (Fig.  6A).  Treatment  of  Die 
cells  with  various  concentrations  of  quercetagetin  for 
72  h  resulted  in  inhibition  of  cell  growth  (Fig.  6B).  At  all 
concentrations,  RWPE2  cells  were  inhibited  Uie  most,  being 
significantly  more  sensitive  to  quercetagetin  growth  inhi¬ 
bition  llun  the  other  prostate  cancer  cell  lines.  PC3  cells 
showed  intermediate  gmwlh  suppression  and  were  also 
significantly  more  sensitive  llun  were  LNCaP  cells  at 
quercetagetin  concent  rations  of  s325  funol/L.  Thus,  llie 
ability  of  the  flavonol  to  inhibit  proliferation  was  propor¬ 
tional  to  the  amount  of  PIMI  protein  in  Uie  target  cells, 
particulartv  at  lower  drug  concentrations.  Although  other 
interpretations  are  possible,  these  data  support  our 
observation  that  quercetagetin  can  act  as  a  PIMI  inhibitor. 

Discussion 

Die  development  of  clinically  usef  ul  small-molecule  kinase 
inhibitors  has  been  a  seminal  event  in  the  world  of  onco¬ 
logy.  Flaw  no  ids  were  among  llie  early  scaffold  structures 
identified  as  potential  kinase  inhibitors.  However,  although 
many  flavones,  isoflavones,  and  flav raids  have  been  shown 
to  regulate  the  activ  ily  of  kinases  in  cell- biased  assays,  fewer 
data  exist  to  show  that  these  molecules  can  directly  bind 
and  inhibit  kiiuse  targets  both  in  vilm  and  in  cells.  It  ts 
clear  Out  some  flav  onoids  are  ATP-compelitive  ligands  for 
both  tyrosine  and  serine-threonine  kinases,  as  well  as  oUier 
ATP-binding  enzymes.  The  flavonol  quercetin  is  one  such 
ligand,  and  its  ability  to  directly  bind  to  ATP-binding 
enzymes  has  been  well  shown.  At  low-micromolarconoen- 
lrations,  it  directly  binds  and  inhibits  such  diverse  enzymes 
as  Uie  phosphatidylincsitol  3-kinase  (14),  Uie  epidermal 
growth  factor  receptor  tyrosine  kinase  (15),  retroviral 
reverse  transcriptases  (16),  DNA  gyrases  (17),  phospho¬ 
diesterases  (18),  and  thioredoxin  reductase  (19).  OUier 
direct  flavonoid  inhibitors  have  been  described  for  RSK2 
kiiuse  (24),  mitogen-activated  protein/extracellular  signal- 
regulated  kinase  1  (25),  and  several  cydin-dependent 
kiiuses  (23,  26-28).  One  such  ligand,  flavopiridol,  lus 
already  entered  clinical  trials  for  Uie  treatment  of  cancer. 
OUiers,  sudi  as  PD98059,  are  familiar  laboratory  reagents 
for  inhibition  of  kinase  pathways.  We  now  show,  by  means 
of  crystallography,  that  quercetagetin  is  a  direct  ligand  for 
Uie  ATP-binding  pocket  of  PIMI  kinase  (Fig.  3). 
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figure  2.  Ouercatagetn  .s  a  selects*  nn  star  at  PM1  on  as*,  no  star 
activity  ol  qjercesagai  n  at  1  and  10  iimol' L  I  nal  cancemrston  age  rat  a 
spectrum  at  sauna  ttvaonne  ■  nasas  at  a  panel  at  Vrieses .  assessed  Dry 
KinasaPmtlar  assay,  IheactivMy  in  trie  presence  at  ueftcJeonly  r,  as  taken 
to  Pa  IOC's  activity.  Column*  mean  at  duplcete  determinations. 
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Specificity  is  always  a  concern  with  ATP  pocket  ligands. 
Die  tv  4iv  pidhably  no  absolutely  selective  Inhibitors  for  a 
kinase  bul  radiet  ligands  Utal  show  a  spectrum  of  affinities 
for  their  various  target..  We  ha\  e  shown  t1s.it  queivetagetin 
is  severalfold  more  active  against  PIMI  than  again. si  etghl 
other  seiiir-Utreonine  kinases  and  a  tyrosine  kinase,  eide-t 
wllh  in  pitro  assays  or  in  cell  cultures.  Interestingly, 
quercetagetui  showed  KM old  more  selectivity  for  FIM1 
than  for  die  homologous  PIM2  kinase  (sequence  identity 
5e%)  The  ATP-binding  pockeLs  of  lhese  two  kinases  atv 
Identical  with  lie  exception  of  Uitee  residues  along  Us1 
edge  of  the  PIMI  ATP-binding  pocket— Ser*4  IAI.i7'"  in 
PIM2),  Glu'3*  (leulJ“  In  PIM2>,  and  Val^fAla122  in  PIM2) 
Vala*of  PIM 1  makes  di reel  van  der  Waal's  contact  wldi  die 
A  ring  of  quen-elagelin  I  Fig.  3A).  Loss  of  such  a  contact  due 


lo  die  Val-lo-Ala  substitution  is  likely  a  contributing  factor 
todie  reduced  acUvity  of  Uie compound  in  PIM2  The  oUier 
residues  are  located  close  to  die  liinge  Aig12  (Arg“*  in 
PIM 2).  Tlie  polar  side  chains  of  Ser5*  and  Qu15*  can  form 
hydrogen  bonds  wldi  Arg*22,  Uius  affecling  its  conforma¬ 
tion.  Substitutions  of  diese  residues  lo  hydrophobic  amino 
acids  in  PTM2  will  change  die  local  environ  m«ail  (Tig.  :1A) 
Tire  only  large-scale  examination  of  die  specificity  of 
flavunoid  kinase  Inhibitors  was  reported  recently  by  Fabian 
ei  al.  ((I).  This  Investigation  used  acurapetitive  bin  ding  assay 
lo  predict  die  inhibitor  potency  and  specificity  of  Uie  led 
agents.  Flavo|>irtdol  was  tested  for  binding  affinity  to  119 
kinases.  Twenly-lhiee  kinase,  lxcund  flavoplridol  under  die 
test  conditions,  wilhbmdlng  constants  ranging  from  ft  01 9  to 
h.h  junol/L.  Interestingly .  the  tested  cydin-dependenl 
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kinases  bound  flavopiridol  less  well  than  did  calduin/ 
calmodulin -dependent  protein  kinase  kinase  L  These  data 
suggest  that  cydin-dependent  kinases  may  not  be  tie  only 
kinases  inhibited  in  cells  by  flavopiridol.  Both  PIM1  and 
PIM2  were  among  the  bound  kinases,  with  bind ing 
constants  of  (152  and  0i»5  pmol/L,  respectively.  Although 
there  is  no  absolute  correlation  between  binding  constants 
and  enzymatic  activity,  flavopiridol  could  conceivably 
inhibit  the  activity  of  botli  PIMI  and  PIM2  in  test  s  vs  lens. 


Because  quercetagelin  has  not  been  tested  against  a  laige 
number  of  other  kinases,  we  cannot  predict  what  other 
enzymes  would  be  perturbed  by  this  flavonoid.  It  is  likely, 
however,  that  its  spectrum  of  selectivity  will  be  substantially 
different  from  that  of  flavopiridol.  Quercetagelin  showed 
clear  preference  for  inhibiting  PIMI  over  PIM2,  whereas 
flavopiiidol  did  not.  Furthennore  quercetagelin  inhibited 
the  activity  of  the  Aurora-A  kinase  (IC5(>  -4  junol/L),  a 
kinase  that  did  not  bind  flavopiridol  (8).  The  substantial 
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homology  between  Aurora-A  kinase  and  PIM1  kiiiase  likely 
contributed  to  the  low-level  inhibitory  activity  of  querceta- 
gelin  for  the  former;  Aurora-A  and  PIMI  are  29%  identical 
over  their  entile  kinase  domains;  and  the  ATP  binding 
pockets  have  68%  conserved  amino  acids. 

An  earlier,  smaller-scale  study  looked  at  the  effect  of  the 
flavonol  quercetin  on  Uae  in  Pitre  kinase  activity  of  25 
kinases,  none  of  which  were  pim  family  kinases  (29).  At  the 
tested  amcentut Kin  (20  |uaaol/L),  quercetin  inhibited  the 
enzymatic  activity  of  eight  of  the  kinases.  The  propensity 
of  this  flavonol  to  fonn  aggregates  in  aqueous  solution 
has  been  advanced  as  an  explanation  for  its  widespread 
enzyme-inhibitory  activity  in  pirn  (30).  We  have  not 
detected  quercetagelin  aggregates  at  concentrations  of 
<10  pmol/L  in  aqueous  solution,  using  a  light-scattering 
assay  (data  not  shown).  Thus,  we  feel  that  this  artifact 
does  not  account  for  Dae  ability  of  this  flavonol  to  inhibit 
PfMl  at  nanomolar  concentrations. 

Because  of  the  potential  ambiguities  Hut  may  accompany 
the  use  of  small-molecule  kinase  inhibitors,  a  series  of 
standards  have  been  proposed  for  their  use  (29).  To 
validate  the  results,  it  is  desirable  to  show  that  live  effects 


of  an  inhibitor  disappear  when  a  dnig-resisLant  mutant  of 
the  protein  kinase  is  overexpressed.  Although  convincing 
this  standard  often  fails  due  to  the  lack  of  an  identified 
mutant  with  tlae  desired  properties.  No  such  mutant  has 
been  identified  for  any  of  the  pim  kinases.  Another 
potential  standard  is  to  show  Out  tlae  cellular  effect  of  tlae 
drug  occurs  at  tlae  same  concentrations  that  prevents  tlae 
phosphorylation  of  an  authentic  physiologic  substrate  of 
the  protein  kinase.  We  have  seen  in  these  studies  that  half¬ 
maxima!  growth  inhibition  of  prostate  cancer  cells  occurred 
at  a  drug  concentration  (3 it  pmol/L)  that  appioxunaled  tlae 
ICjd  for  PIM  I  enzyme  inhibition  in  oells  (5.5  pmol/L). 
Furthermore,  the  selectivity  for  prostate  cancer  growth 
inhibition,  in  proportion  to  endogenous  PIMI  levels,  was 
greatest  at  625  pnaol/L.  Higher  concentrations  suppressed 
growth  more,  but  tlae  relationship  to  endogenous  PIMI 
levels  was  obscured.  These  data  suggest  that,  at  relatively 
low  concentrations  (perhaps  5-10  fuaxil/L),  tlae  growth- 
inhibitory  eflecls  of  quercetagelin  likely  involve  PIMI 
antagonism.  A  third  standard  is  to  observe  the  same  effect 
with  at  least  two  structurally  unrelated  inhibitors  of  tlae 
protein  kinase.  Previously  described  inhibitors  of  pim 
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anvlar  atpatmams.  B.  caicUat  on 
ot  fcDjo  at  24.  AB.  and  72  h  of  drug 
exposure  A verage  BD$c  from  ail 
curves  s  3  a  iimoi.'L.  C.  JNA  nsto 
grams  torn  RWPE2  cels  1  reeled  w  n 
vehefe  or  quarcetegetn  0 . 25  pmol.'L 
x  24  h .  ftopon  on  ot  cells  n  G*  1  or 
S  *  Gj  V  tract  ons.  Columns,  maan 
ot  triplicate  determinations  from 
three  nd«o«ndcnt  •* per  meats; 
cars,  SO.  P  values  show  tie  pro  pa 
okty  ot  no  dtterenc*  0y  r  test. 
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Figure  6.  Ouercetagetn  irfib  t  the  growth  at  prostata  cancer  cel*  in 
(raporton  *>  ther  content  ot  “VIA.  measurement  at  ntracetiUar  PVI 
In  PC3,  LNCaP.  and  RWPE2  prostate  cancer  cells  »,  mmunoctort  ng.  B. 
growth  mat  on  cry  treatment  ot  prostate  cancer  cells  win  quarcetagetn 
tor  72  h.  Columns ,  mean  of  trpl  cale  detarmnatons  from  one  ot  two 
am  ler  experiments,  cart,  SO.  P  values  were  calculated  cry  r  tests  and 
represent  toe  prooaolty  to  it  trier*  s  no  dtterence  cietrr sen  trie  two 
compared  populations. 

kinoes  are  either  less  active  or  less  specific  flavonoids 
(7,  9),  the  same  structural  class  as  queroetagetin,  or 
slaurosporine  analogues  (8, 9, 21).  We  llterefore  used  small 
interfering  RNA  as  a  genetic  means  to  identify  a  pirn- I  - 
dependent  phenotype.  Proliferation  of  prostate  cells  was 
suppressed  with  both  the  genetic  and  chemical  inhibitorsof 
PfMl  activity.  These  data  show  that  queroetagetin  s  an 
authentic  small-molecule  inhibitor  of  PfMl  kinase. 

The  crystal  structures  of  PfMl  complexed  with  queroe- 
lagetin,  myricelin,  and  5,7,3',^,f>  - pen  tahy  d iv> xyflavono ne 
show  that  flavonoids  bind  to  PfMl  in  two  distinct 
orientations.  Although  interesting,  this  s  not  a  suiprising 
observation,  as  flavones  have  shown  a  variety  of  binding 
modes  in  kinases  (9, 22,  23,  26-28).  An  examination  of  the 
intermolecular  interactions  of  each  flavonoid  with  PIMI 
does  not  clearly  reveal  why  one  orientation  was  adopted 
over  the  other  However,  it  is  possible  that  Die  presence  of 
three  hydroxyl  groups  on  the  B  ring  of  myricetin  and 
5,7,3’, 4, 5  - pen  ta hy dto  xyfla  v®  ne  discourages  these  two  fla¬ 
vonoids  from  adopting  the  binding  orientation  observed 


for  queroetagetin.  The  hydrophobic  side  chain  of  Leuia>, 
which  extends  into  the  ATP  pocket  in  the  same  region 
occupied  by  the  B  ring  of  queroetagetin  (Fig.  3A),  may  be 
incompatible  with  Die  5'  hydroxyl  group  of  myricelin  and 
5,7,3'y4'3 -pentahydroxy  (lav  one. 

Both  pi>K-I  and  pnri-2  can  phosphorylale  4EBP-I,  a 
regulator  of  protein  translation  (31,  32).  Rapamycin  was 
unable  to  block  this  effect.  These  data  suggest  that  pim 
kinases  may  function  in  a  parallel  pathway  to  the 
phosphalidy  I  inositol  3-kinase/  AKT/mammalian  laiget  of 
rapamycin  cascade  to  regulate  and  support  protein 
synthesis  under  stress  conditions.  Because  AKT-I  and 
PIM2  function  cooperatively  to  induoe  lymphoma  forma¬ 
tion  in  transgenic  mice  (6),  it  may  be  necessaty  to  target 
both  pathways  for  effective  antitumor  effects.  Several 
prototype  AKT  mil ibi tots  have  been  described  (33,  34). 
Our  identification  of  queroetagetin  as  a  PfMl  inhibitor 
provides  a  tool  for  tissue  culture  studies  to  investigate  this 
hypothesis.  Under  the  tested  conditions,  we  found  no 
evidence  Dial  quercetagetin  inhibited  the  phosphorylation 
of  AKT  on  Ser*1.  This,  it  may  be  possible  to  combine 
inhibitors  of  these  kinases  to  detect  additive  or  synergistic 
effects  resulting  from  five  blockade  of  the  two  kinase 
pathways. 
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V  Its  tract  The  PIM  I  protein,  the  pi  oil  net  of  the  pirn- 1  oncogene,  is  a  scrinx/tluooiiiitc  kinase.  Deregulation  of  the  PI  M  l  kinase 
lias  been  implkatod  in  the  development  of  human  malignancies  including  lymphomas,  leukemias,  andpiostate  cancel.  Comp  at  alive 
molceulai  field  analysis  (CoMFA)  is  a  3-DQSAR  technique  that  lus  been  widely  used,  with  notable  success,  to  correlate  biokigical 
activity  with  the  stciic  and  electrostatic  properties  of  ligands.  We  have  used  a  set  of  IS  fiavonoid  inhibitors  of  the  PIM  I  kinase, 
aligned  de  novo  by  common  substructure,  to  generate  a  CoMFA  model  for  the  purpose  of  elucidating  the  sterc  and  electrostatic 
properties  involved  in  fiavonoid  binding  to  the  PIM  I  kinase.  Pat tial  least  squares  correlation  between  observed  and  predicted 
inhibitor  potency  (expressed  as  -logICiaL  usings  uou  cross- validated  partial  least  squares  analysis,  generated  a  non -cross- vali¬ 
dated  tf!  —  0.805  fot  tire  training  set(n  =  1 5)  of  flavonoids.  Hie  CoMFA  genet  ated  stet  ie  map  indicated  that  the  PIM  - 1- binding  site 
was  stoically  hindered,  leading  to  more  efficient  binding  of  planar  tnolscuTes  over  (A)  or  <dS>  compounds.  The  electrostatic  map  iden¬ 
tified  that  positive  charges  near  the  fiavonoid  atom  C8  and  negative  charges  near  04  increased  flavoiioid  binding  The  CoMFA 
model  accurately  predicted  the  potency  of  a  test  set  of  flavonoids  in  =  S),  generating  a  correlation  between  observed  and  predicted 
potency  of  tf  -  OJH  CoMFA  models  gener  ated  from  additional  alignment  i  tiles,  which  were  guided  by  co-crystal  structure  ligand 
orientations,  did  not  improve  the  correlative  value  of  the  model  Superimposing  the  PIM- 1  kinase  crystal  structure  onto  theCoMFA 
contours  validated  the  steric  and  electrostatic  maps,  elucidating  the  aim  no  acid  residues  tlut  potent  tally  contribute  to  the  CoMFA 
fields.  Thus  we  have  generated  the  first  predictive  model  tlut  may  be  used  for  the  rational  design  of  small -molecule  inhibitors  of  the 
PIM  I  kitu.se. 

C  2007  Published  by  Elsevier  Ltd. 


I.  Introduction 

The  PIM-I  protein  ts  a. scnna’threoninc  kinase1-5  that  has 
been  shown  to  he  involved  in  the  regulation  of  cell  sur¬ 
vival,  differentiation,  proliferation,  and  tumori genesis 
(for  review,  see  Rets.  4.5).  The  pim-l  gene  was  first 
identified  as  a  preferential  proviral  insertion  site  of 
Moloney  Murine  Leukemia  Virus  in  vi rally  induced 
T-oell  lymphomas  m  mice.6  In  humans,  pim-l  is 
expressed  in  normal  lymphoid  tissues  (bone  marrow, 
spleen,  thymus,  and  lymph  nodes),  testis,  and  circulating 
myeloid  cells.7'*  Although  its  specific  role  is  not  known, 
the  PIM-1  kinase  has  been  shown  to  he  an  integral  (art 


Keynordr.  Pnr-1;  Comparative  molecular  fidd  analysis  (CoMFA); 
rkvemoxk,  Kiru  *r  inhibitors. 
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of  growth  factor  signaling.9-17  Additionally,  the  PIM-1 
kinase  is  involved  in  regukiting  the  activity  ol  phospha- 
tascs1*19  and  transcription  factors, 3)11  and  has  been 
shown  to  phosphorylatc  hctcrochromatin  protein  I 
(HP1),21  Pim-l  associated  protein  I  (PAP-1),"’  and  the 
nuclear  mitotic  apparatus  protein  (NuMA),24  all  nuclear 
proteins  involved  in  chromatin  remodeling.  The  PIM-1 
kinase  has  also  been  shown  to  phosphorylatc  and  so 
inactivate  the  pro-apoptotic  protan  BAD.2*-3* 

While  the  PIM-1  kinase  is  involved  in  numerous  signal¬ 
ing  events  in  normal  cells,  pin-1  knockout  muc  only 
exhibit  a  minimal  phenotype.  The  near  normal  pheno¬ 
type  of  these  mice  is  attributed  to  functional  compensa¬ 
tion  by  other  members  of  the  PIM  family  of  kinases, 
namely  PIM- 2  and  P1M-3.27  Not  surprisingly,  hemato¬ 
poietic  cells  taken  from  triple  knockout  mice  devoid  of 
PIM-1.  PIM- 2,  and  PIM- 3  demonstrated  to  have  an 
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«  impaired  response  to  growth  factors.2*  While  the 
absence  of  pni-1  showed  minimal  adverse  effects  in 
mice,  over-expression  of  pim-1  has  been  shown  to  have 
significant  effects  on  cell  survival.  In  vitro  studies  reveal 
that  enforced  expression  of pin-1  caused  increased 
cellular  proliferation,  decreased  apoptosis  and  cell 
death,  increased  cell  survival,29  and  protection  from 
toxin-induced  cell  death’0  in  the  munne  hone  marrow 
FDCP1  cell  line.  Unforced  expression  of  human  pirn-1 
in  FDCP1  cells  also  resulted  in  IL-3-indcpendcnt  cell 
n  survival. 51  Furthermore,  pim-1  has  been  shown  to 
cooperate  with  both  c-myc  and  N-myc  in  hematopoietic 
oncogenesis*  and  significant  over-expression  of  pim-1 
has  been  demonstrated  in  clinical  eases  of  lymphoma,12,11 
leukemia,2  and  prostate  cancer. 54,35 

Comparative  molecular  field  analysis  (CoMFA)  is  a 
three-dimensional  quantitative  molecular  modeling 
technique  used  to  study  relationships  between  ligand 
structure  (stcric  and  electrostatic  properties)  and  biolog¬ 
ical  activity.  The  final  validated  model  can  be  used  for 
m  the  design  of  novel  ligands  and  to  predict  the  functional 
activity  of  those  ligands  hefore  synthesis. 

In  addition  to  its  successful  use  to  evaluate  the  proper¬ 
ties  of  the  binding  sites  of  kinase-specific  inhibitors, “- 
54  the  CoMFA  methodology  has  shown  utility  in  evalu¬ 
ating  the  ligand-binding  sites  of  numerous  receptors.19 
54  calcium  channels,15  chromosome  p45<)  enzymes,  56“*° 
human  immunodeficiency  virus- 1  integrase,61  and  |V 
tubulin.*2  In  each  ease  the  CoMFA  models  demon¬ 
strated  a  strong  correlation  between  predicted  and 
<»  experimental  ligand  activity. 


Log  P 

Figure  I.  Predictive  value  of  log P  vnu  inhibitor  potency  for  the 
training  set. 


Dipole  Moment  i units  Defcye) 

Figure  2.  Predictive  value  of  dipole  moment  venue  inhibitor  potency 
for  the  training  set. 


too 


no 


W'c  have  constructed  CoMFA  models,  alignod  with  and 
without  crystal  structure  guidance,  for  flavonoid  ligands 
of  the  PIM-1  kinase  using  a  training  set  of  15  flavonoid 
prohes  for  which  we  have  determined  the  inhibitory  po¬ 
tency  against  the  PIM-I  kinase.  Here  we  describe  the 
electrostatic  and  stcric  properties  of  the  CoMFA  model. 
W'c  demonstrated  its  utility  as  a  predictive  model  of  fla¬ 
vonoid  potency  using  a  test  set  of  six  flavonoids  that 
were  not  included  in  the  training  set.  W'c  also  validated 
the  model  by  overlay  with  a  PIM-1  kinase  crystal  struc¬ 
ture  to  elucidate  the  amino  acid  residues  that  may  pro¬ 
vide  an  explanation  of  the  CoM  FA  contours. 


Q2  2.  Results 

Simple  correlations  hetween  PIM-1  kinase  inhibition 
and  flavonoid  log  P  (Fig.  1 )  or  molecule  dipole  (Fig.  2) 
rcsultod  in  poor  correlations.  This  suggested  that  other 
parameters  arc  important  for  kinase  inhibition. 

lienee  we  gcncratod  CoM  FA  models  of  flavonoid  inhib¬ 
itors  of  the  PIM-1  kinase.  The  structures  and  corre¬ 
sponding  -logic's®  values  for  the  training  set  of 
flavonoids  are  presentod  in  Table  1.  A  cross- validated 
partial  least  squares  analysis  determined  the  optimum 
number  of  components  for  use  in  non-cross-validatcd 
analysis  to  he  2  (Table  2). 


Using  the  alignment  rule  for  model  1  (Fig.  3),  a  non- 
cross-validatcd  partial  least  squares  regression  analysis 
of  potency,  expressed  as  -logic's®,  and  CoMFA 
descriptors  generated  a  CoMFA  model  with  tf  -  0.805 
for  the  training  set  (see  Table  1  and  Fig.  4a).  The  CoM¬ 
FA  model  provided  an  improved  correlation  to  flavo¬ 
noid  potency  compared  with  kigP  ( Hr  -  0.4803)  or 
dipole  moment  iRr-  0.1749)  for  the  same  set  of  data. 

We  validated  the  CoMFA  model  by  determining  how 
accurately  it  could  predict  the  ICs®  values  of  a  test  set 
of  compounds  (flavonoids  not  included  m  the  training 
set;  Table  3).  We  compared  the  CoMFA  predicted 
-logic?®  with  the  experimental  -  logic?®  for  each  fla¬ 
vonoid  in  the  test  set.  The  model  showod  a  strong  corre¬ 
lation  between  predicted  -logICso  and  experimental 
-logic?®  with  a  correlation  coefficient  of  R~  =  0.829 
(Fig.  4b).  These  data  demonstrated  that  the  CoMFA 
model  could  successfully  predict  the  potency  of  flavo¬ 
noid  inhihtors  of  the  PIM-I  kinase  not  present  in  the 
training  set. 

The  stcric  and  electrostatic  contributions  to  the  model 
were  determined  to  be  0.626  and  0.374,  respectively, 
and  are  represented  graphically  m  Figure  5.  For  electro¬ 
static  contributions  the  model  predicts  that  increased 
binding  will  result  by  placing  more  negative  charge  near 
the  flavonoid  C4'  position  and  more  positive  charges 
near C 8.  For  stcric  contributions  the  model  predicts  that 
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Table  I.  Structures  and  non  crats  vii dated  PLS  xnxlyxii  for  the  trxmingsd  using  multiple  alignment! 


i-ia  i2.i3 

11 

14 

15 

Compound 

R, 

Rj 

R, 

R. 

R, 

R,  R? 

R. 

R, 

R|n 

1  (quercetogetin) 

OH 

OH 

OH 

OH 

H 

H  OH 

OH 

H 

H 

2  (gcwsvpetm) 

OH 

OH 

II 

OH 

OH 

II  OH 

OH 

H 

H 

3 

H 

OH 

H 

OH 

H 

H  OH 

OH 

OH 

II 

4  (myncetm) 

OH 

OH 

H 

OH 

H 

H  OH 

OH 

OH 

H 

5  (ijigenm) 

H 

OH 

H 

OH 

H 

H  H 

OH 

H 

H 

6  (quercetin) 

OH 

OH 

H 

OH 

H 

H  OH 

OH 

II 

H 

7  (luteolm) 

H 

OH 

H 

OH 

H 

H  OH 

OH 

H 

H 

8  (morm) 

OH 

OH 

H 

OH 

H 

OH  H 

OH 

H 

II 

9 

H 

H 

H 

OH 

H 

H  OH 

H 

H 

H 

10 

H 

H 

H 

OH 

H 

H  OH 

OH 

OH 

H 

12 

H 

H 

H 

OH 

H 

H  II 

H 

H 

II 

13 

H 

H 

H 

OH 

OH 

H  H 

OH 

H 

H 

Compound 

Model  I 

Model  II 

Model  III 

logic,,  (pM) 

logic*  (pM) 

logic, „  (pM) 

Ohsd 

Pred* 

Res 

Pied* 

Res 

Prod* 

Res 

1 

047 

020 

027 

028 

0. 19 

032 

015 

2 

037 

021 

016 

031 

006 

0J4 

0j03 

3 

019 

023 

Oj05 

029 

-0.11 

oxe 

0.17 

4 

Oil 

028 

-0.18 

0  10 

0  21 

0005 

0.1 

5 

0X)3 

0  09 

0X16 

0.19 

-0.17 

021 

-0.18 

6 

004 

025 

021 

-029 

0.24 

039 

035 

7 

020 

-0.12 

0X18 

-0.16 

-0  04 

-0.19 

-061 

8 

-0.43 

-0.78 

035 

0.82 

0  39 

0.80 

027 

9 

0.66 

0.98 

033 

0.91 

0  25 

0.88 

022 

10 

089 

0  86 

0X13 

0.84 

-0.05 

-0j67 

-023 

II 

-1.10 

-1.76 

067 

-1.77 

068 

-162 

0.72 

12 

-1.15 

0.98 

-0.17 

-0.91 

-0.23 

0  89 

-026 

13 

-134 

0  89 

0.46 

0.89 

-0.45 

0.86 

-048 

u<*i 

-178 

-1 05 

-0.73 

-103 

-0.75 

-1X11 

-0.77 

IS-4S) 

—  2X13 

-1.78 

-025 

-161 

-0.22 

-164 

-019 

Ofed,  observed  value;  pied,  predicted  vahie;  res,  readual 

*  Generated  from  CoMFA  non  cross  validated  run  (see  Section  4).  0.805  (modd  1),  0.8CO  (model  II),  0.781  (model  III) 

Table  2.  Cross  validated  partial  least  squires  analysts  using  multiple  alignments 

Components 

Modd  1 

Model  II 

Modd  III 

s 

R2 

% 

It3 

% 

R- 

1 

0682 

0  303 

0686 

0  296 

0.711 

0244 

2 

0.610 

0  487 

0630 

0.452 

0.654 

0  409 

3 

0679 

0416 

0669 

0  433 

0696 

0.386 

4 

0691 

0450 

0.731 

0  385 

0.728 

0.390 

5 

0.778 

0.374 

0760 

0  401 

.1  - 

0.358 

6 

0.861 

0.318 

0.819 

0.382 

0864 

0312 

s.standarderrarfoTtheestimateof  laglC„;  R3,  conelation  coefficient.  Optimum  number  ofcomponeits  for  modd  I  nliR' 
(I?  =  0-452),  model  HI  is  2  (FT  =0.409) 


0.487),  model  11  is  2 


adding  bulk  near  the  C3'  andC6'  positions  will  improve 
binding. 

Wccxaminod  tlic  interactions  of  the  most  potent  PIM-1 
antagonist,  qucrcctagctm  (K.  50=  0.34  pM),  and  those  of 
the  least  potent  flavonoid,  compound  15  (lCso  = 


107  pM).  with  the  stcric  and  electrostatic  contours  of 
the  model.  ’Die  model  elucidates  at  least  one  reason  for 
thcdramatic  differences  in  potency  between  these  two  fla¬ 
vonoid  compounds.  As  illustrated  in  Figure  6,  qucroc- 
tagctin  lies  almost  completely  flat  within  the  contours. 
In  this  position  the  C  3  and  C4*  hydroxyl  croups  on  the 
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Ficnrr  3.  CoMF  A  model  alignment  raks  (a)  Iti  model  I  compounds  2  2 1  were  aligned  by  overlapping  atoms  indicated  by  red  arckx  (ty  In  model  1 1 
mvricetin  was  aligned  to  quercetagctm  according  to  their  respective  poses  within  the  co  crystal  wed  PIM  1  structures  .  To  achieve  this  alignment  the 
protein  crystal  structure  backbones  of  PIM  l.'qucratagetm  and  PIM  1  .‘mvncetm  were  ahgncd  The  relationship  of  the  quercetagetm  pose  to  the 
mynoetm  pose  s  illustrated  by  overlap  of  atoms  indicated  by  blue  squares  and  red  circles  Compounds  2,  3,5  21  mere  aligned  to  querceugetm  as  m 
model  I  (indicated  by  green  triangles}  <c>  In  model  III  compounds  3  and  1 0  were  aligned  to  theco  crystallised  pose  of  my  ncrtm.  Compounds  2,5  9, 
1121  were  aligned  in  the  cociys  uttered  pose  of  quencctagetm  <d)  The  srystal  poses  of  querceugetm  (blue}  and  mvneetin  (green)  in  the  PIM  1  ATP 
binding  pocket 


B  ring  are  directed  toward  the  area  revealed  by  the  model 
as  favorable  for  negative  charges  (red  contours).  In  con¬ 
trast,  compound  15  has  a  chiral  center  at  the  C2  position 
and  does  not  lie  Hat  within  the  contours  (because  of  the 
sp1  hybridization).  The  B  ring  of  this  Havonoid  is  posi¬ 
tioned  deep  within  a  region  where  the  model  predicted 
less  hulk  would  improve  binding  (  yellow  contour).  Ilenoc 
i«  the  model  elucidates  the  stcric  interactions  that  make 
compound  15  a  poor  PIM- 1  kinase  inhibitor,  that  is, 
the  position  of  t  lie  B  ring  produces  stenc  hindrances  that 
discourage  Havonoid  binding. 

Wc  sought  to  further  validate  the  CoMFA  model  by 
comparing  Hie  stcric  and  electrostatic  contours  of  the 
model  with  a  PIM-1  kinase  crystal  structure.  Wc  have 
previously  reported  the  crystal  structure  ofthc  PIM-1  ki¬ 
nase  in  complex  with  quercctagetin/'  Wc  superimposed 
the  quercetagctm  in  the  PIM-1  co-crystal  structure  onto 
no  the  quercetagctm  in  the  CoM  FA  training  set  and  exam¬ 
ined  the  amino  acid  residues  involved  in  Havonoid  bind¬ 
ing.  In  the  areas  where  the  model  predicts  improved 
binding  by  the  addition  of  more  positive  charges,  there 
are  potential  interactions  with  negatively  charged  acidic 
side  chains  (Olull!,  Asp'“,  Asp'11,  Glu171).  Similarly, 
the  electrostatic  contour  favoring  negative  charges  envel¬ 
ops  the  positively  charged  side  chain  of  Lys67  ( Fig.  6a). 


gion  identified  in  the  crystal  structure  that  corresponds 
to  regions  in  the  CoMF  A  model  where  reduced  bulk  will 
improve  binding.  The  model  also  identified  a  solvent 
exposed  area  near  C7  as  a  region  where  reduced  hulk 
would  improve  binding.  Additionally,  the  side  chain 
of  Phc49  and  those  ofllcrwand  llels?  form  two  hydropho¬ 
bic  pockets.  The  model  accurately  identified  both  of 
these  pockets  as  regions  where  the  addition  of  bulk  would 
improve  binding  (Fig.  6b).  Ilcncc.  a  comparison  of  the 
electrostatic  and  stcric  CoMFA  fields  with  the  PIM-1  wo 
kinase  crystal  structure  validates  the  striking  accuracy 
of  this  CoMF  A  model  of  the  PI  M-l  kinase. 

To  address  the  finding  that  Havonoids  hind  to  the  PIM- 1 
kinase  m  at  least  two  diHerent  orientations  wc  created 
additional  CoMFA  models  using  alternate  alignment 
rules  (Fig.  3).  Model  II.  in  which  myncctin  was  aligned 
in  the  training  set  of  compounds  according  to  its  crystal 
pose  rather  than  by  supcrimposition  onto  quercetagctm 
over  their  common  substructure,  showed  no  improve¬ 
ment  over  model  1  to  predict  the  potencies  of  the  test  mo 
set  of  compounds  (Fig.  4).  Similarly,  model  III.  in  which 
myncctin  and  compounds  3  and  10  were  aligned  in  the 
training  set  according  to  the  crystal  pose  of  myricehn, 
showed  no  improvement  over  model  I  in  predicting 
the  potencies  of  the  test  set  compounds  (Fig.  4). 


The  stcric  fields  were  also  confirmed  by  the  PIM-1  ki-  In  light  of  the  stcrically  restricted  nature  of  the  PIM-1 

nase  crystal  structure.  The  bulky  side  chains  of  Val51,  kinase  ATP  funding  site  wc  evaluated  the  relationship 

iao  Ala6*,  and  Leu131  stcrically  hinder  large  groups  in  the  re-  between  volume  and  potency  for  Havonoid  inhibitors 
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I'lgvrc  4.  Training  and  lest  set  analyse!  utntg  mul  ti  pie  align  me  nt  rales.  The  conelaticra  between  predicted  and  observed  pcrtcncies  for  the  training  set 
using  Co  Mr  \  model!  I,  II,  and  I  tl  ( a,  c,  c ,  respectively)  k  shown.  The  test  set  retuhs  far  moddt  t,  It,  and  Ut  are  presented  in  panel!  b,  d,  and  f, 
respectively 


of  the  PIM-l  kinase.  Figure  7  demonstrates  what  ap- 
2io  pears  to  he  an  optimum  volume  ncar218  A’ (the  volume 
of  quercctagetin)  for  flavonoid  antagonists  of  PIM-1. 
Flavonoids  with  volumes  larger  or  smaller  than  218  A’ 
arc  progressively  worse  inhibitors  of  the  PIM-1  kinase. 


3.  Discussion 

Here  we  have  described  the  generation  of  the  first  CoM- 
FA  model  for  PIM-1  kinase  ligands  using  flavonoid 
probes.  Stxty-thrcc  percent  of  the  contributions  to  the 
model  were  stcric,  while  only  37°/i  were  electrostatic, 
suggesting  that  flavonoid  binding  to  the  PIM-1  kinase 
220  is  influenced  predominantly  by  stcric  factors  rather  than 
by  electrostatic  factors. 

The  stcric  contours  reveal  that  the  PIM-1  kinase  ATP- 
hinding  site  is  stcrically  hindered  above  and  below  the 


plane  of  the  bound  flavonoid.  It  is  likely  that  the  planar 
conformation  of  the  flavonc  class  of  compounds  is  what 
allows  them  to  fit  well  into  the  stcncally  lestrctod  space 
within  the  PIM-1  kinase  ATP-binding  site.  In  contrast, 
l/JF  and  (Spflavanoncs  (compounds  11,  14,  and  15k 
which  have  a  chiral  carbon  at  the  C2  posinon.  arc  infe¬ 
rior  PIM-1  kinase  antagonists  compared  to  the  flavoncs  2» 
(sec  Fig.  6  and  Table  1 ).  Our  model  was  able  to  predict 
the  relative  order  in  regard  tocnantiosclcctive  inhibition 
( R  >  S)  of  compounds  14  and  15.  It  appears  that  a  pla¬ 
nar  conformation  is  advantageous  for  inhibition  and 
presumably  would  not  be  limited  to  the  flavonoid  class 
of  compounds.  It  is  more  likely  that  this  favorable  char¬ 
acteristic  will  be  found  in  small-molecule  inhibitors  of 
the  PIM-1  kinase  as  a  group. 

As  demonstrated  in  Figure  7,  the  volume  of  the  ligand 
also  appears  to  play  a  role  in  the  potency  of  flavonoid  m 
compounds  as  PIM-1  kinase  antagonists.  This  feature 
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l  M e  .1  Observed  and  prodded  potencies  far  the  test  xet  using  multiple  ahgnmentt 
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FI 

OH 
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H 

1 
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H 
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Model  1 
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Model  ni 

log  ICsi  <nM) 

kigtCsi  (iiM) 

logic 

n  (|lM) 

Obsd 

Pied 

Rei 

F^od  Res 

Pred 

Rex 

16  (fisetin) 

007 

020 

-0.13 

028 

4)21 

0  30 

-0.23 

17 

0.01 

0.10 

009 

0.16 

0  15 

0  20 

-0.19 

18  fkacmpferol) 

-on 

-041 

030 

-042 

021 

-0.46 

0  35 

19 

0  66 

049 

023 

-  090 

02* 

-0.89 

0  23 

10 

-<1.92 

-0.77 

-0.15 

-0.79  -O.I3 

-<1.78 

-0.14 

21 

-1.18 

0.94 

-02* 

090 

02* 

-0.87 

-0.31 

Qt  Obsd,  observed  vahie,  pred,  predicted  vihie,  rex,  residual;  *Cienerzted  from  CoMFA  non-cross  vahcUted  run  (see  Section  A). 


Figure  5.  Comparison  of  the  most  and  least  potent  fhvoncnd  mb  hi  to  is  of  the  PFM  1  la  ruse  witbn  the  contours  of  the  CoMFA  model 
Quercctagetm.  the  most  potent  inhibitor,  »  pictured  in  gray.  (S>5,7  Dihydroiyflivanone  <  15),  the  poorest  inhibitor,  is  pictured  m  purple  For  the 
electrostatic  contours  increased  binding  is  predicted  by  placing  more  positive  (♦)  charges  near  Hue  areas  and  more  negative  (  )  charges  near  red 
areas.  The  stenc  contours  predict  increased  boding  by  placing  more  bulk  near  green  areas  and  less  bulk  near  yellow  areas 


is  related  to  the  stcrieally  restricted  nature  of  the  bind¬ 
ing  site.  It  appears  that  the  potency  of  a  flavonoid  is 
reduced  when  the  volume  of  the  flavonoid  is  too  small 
to  adequately  till  the  ATP-binding  pocket.  Similarly,  if 
the  volume  of  the  flavonoid  is  too  large  the  restrictive 
nature  of  the  binding  pocket  results  in  reducod  effi¬ 
ciency  of  funding  and  interior  potency.  A  volume 
approaching  218  A\  the  volume  of  quercctagctin, 
in  appears  near  optimal  for  flavonoid  inhibitors  of  the 
PIM -I  kinase. 


The  CoMFA  model  generated  a  superior  correlation  to 
observed  flavonoid  potency  than  simple  correlation  to 
cither  logP  or  dipole  moment.  It  is  important  to  note 
that  the  flavonoid  potencies  used  to  generate  the  CoM¬ 
FA  model  were  determined  using  a  solid  phase  in  vitro 
kinase  assay.  Because  log  P  is  a  predictive  measure  of 
absorption,  it  is  plausible  that  determining  the  flavonoid 
potencies  using  a  cellular  assay  would  improve  the  cor¬ 
relation  between  logP  and  observed  flavonoid  potency.  »o 
Nonetheless,  the  utility  of  the  CoMFA  model  as  a  pre- 
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Figure  6.  Chorocteraatian  of  the  ckctrcwutx  and  stenc  CoMF  A  fields  with  a  supenmpcwed  PIM  1  lansse  crystal  structure  The  crystal  structure  of 
the  PIM  1  kim.se  rn  coirplei  with  quercetogetin  k  supo’ur. posed  cm  the  CoMFA  fields  using  the  portions  of  qucrcetogetm  m  the  crystal  and  m  the 
xnodd  Far  clinty,  only  the  oimno  aod  residues  contributing  to  the  properties  of  x  CoMFA  contour  ire  shown  The  pictured  flavonoid  is  the 
CoMFA  modd  quercetagetin  structure;  to  reduce  visual  duttc  the  PIM  1  crystal  qucrcetagetci  structure  is  not  shcrwn.  (a)  For  the  electrostatic 
contours  increased  binding  is  predicted  by  placing  more  pcisithe  <  ♦  )  charge*  near  biue  areas  and  more  negative  <  ->  charges  near  red  areas.  <b)  The 
sleric  contours  predict  increased  binding  by  placing  more  bulk  near  green  areas  and  leas  bulk  near  yeBow  areas. 


Volume  (A*) 

I'l^wc  7.  The  whmw  <rf  a  fUseinoid  k  related  to  its  poteicy  as  an 
inhibitor  of  the  PIM  1  Idtuse  The  lahds  on  the  points  represent  the 
volume  each  inhibitor  The  bold  numbers  in  parentheses  daitify  the 
compound  lacordiqg  to  number  as  presented  in  Table  1 

dictivc  model  ol  flavonoid  potency  wav  demonstrated  by 
its  ability  to  accurately  predict  the  potency  of  the  test  set 
of  flavonoids.  These  data  suggest  that  the  model  may  be 


an  cHectivc  tool  for  the  in  silico  design  and  prediction  of 
additional  flavonoid  inhibitors  of  the  PIM- 1  kinase. 

Turthcr  experiments  will  be  conducted  to  determine 
the  accuracy  of  using  the  model  to  determine  the 
potency  of  small  molecules  that  arc  not  in  the  flavonoid 
class  of  compounds.  m 

Additionally,  the  PIM- 1  kinase  crystal  structure 
strongly  supports  the  CoMFA  model  by  providing  rea¬ 
sonable  rationale  in  regard  to  the  amino  acid  residues 
that  may  contribute  to  the  stenc  and  electrostatic  con¬ 
tours  of  the  model.  This  type  of  analysis  is  fairly  unique, 
as  CoMFA  models  arc  usually  employed  when  the 
structure  of  the  enzyme  or  receptor  protein  is  unknown. 

Similar  types  of  analyses,  where  the  contours  of  a  CoM¬ 
FA  model  for  a  protein  were  combined  with  a  crystal 
structure  of  the  enzyme,  have  been  described. In  »i 
each  case,  as  m  our  case,  the  combination  of  the  CoM¬ 
FA  contours  with  the  enzyme  structure  elucidated  spe- 
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cific  potential  ligand-enzyme  interactions  and  allowed 
for  a  more  informed  and  predictive  structure- based  de¬ 
sign  effort. 

Our  analysis  elucidated  the  three-dimensional  contribu¬ 
tions  of  specific  amino  acid  residues  to  the  stcric  and 
electrostatic  properties  of  the  PIM-I  kinase  ATP -bind¬ 
ing  site.  Results  from  these  studies  may  provide  invalu- 
290  able  information  for  the  design  of  potent,  sclccnvc 
inhibitors  of  the  PIM-1  kinase. 

Qucrcctagctin,  quercetin,  myricctin.  and  compound  3 
share  a  common  flavonc  scaffold  and  differ  only  in  the 
number  and  positions  of  substituted  hydroxyl  groups 
onto  the  flavonc  backbone,  lienee,  our  previous  work 
demonstrating  that  these  flavoncs  do  not  all  bind  to 
the  PIM-I  kinase  in  the  same  orientation  was  quite 
unexpected.45 

One  of  the  weaknesses  of  CoM  FA  is  the  choice  of  the 
loo  alignment  rule.  We  show  for  the  first  time  that  caution 
must  be  used  in  aligning  compounds  even  when  they 
appear  to  have  a  common  pharmacophore.  The  varied 
orientation  of  flavonoid  binding  to  the  PIM-I  kinase 
presented  a  potential  limitation  of  the  CoMFA  model. 
The  alignment  rule  used  to  create  model  I  did  not  take 
into  account  the  varied  binding  orientations  (crystal 
poses)  that  could  he  present  in  the  training  set  of  flavo- 
noids.  However,  alignment  rules  incorporating  the  crys¬ 
tal  orientations  of  compounds  in  the  training  set  (model 
no  II)  did  not  improve  the  ability'  of  the  model  to  predict 
the  potencies  of  the  test  set  of  compounds.  This  unique 
example  provides  strong  evidence  of  the  robustness  in  a 
correlated  partial  least  squares  in  regard  to  establishing 
alignment  rules. 


kinase.  This  general  rule  appears  true  whether  the  tri- 
hydroxylatcd  ring  is  ring  A  (as  in  qucrcctagctin)  or  ring 
B  (as  in  myricctin).  An  alignment  rule  basod  on  this  gen¬ 
eral  rule  would  require  compounds  3  and  It)  to  bind  to 
the  PIM-1  kinase  in  an  orientation  similar  to  myricctin. 
rather  than  qucrcctagctin.  Such  an  alignment  was 
employed  for  model  III,  with  no  improvement  in  the 
predictive  value  of  the  model. 

The  structure  of  myrKctin  is  similar  to  that  of  querce- 
tagetin,  hence  the  two  compounds  share  similar  proper¬ 
ties  when  aligned  according  to  their  common 
substructure  (as  in  model  I).  Interestingly,  when  aligned 
according  to  their  crystal  orientations  (as  in  models  II 
and  III)  these  two  compounds  still  share  similar  spatial 
electrostatic  and  stcric  properties  (see  Fig.  3).  This  rela¬ 
tionship  likely  contributes  to  the  success  of  our  model. 
Our  findings  demonstrate  the  utility  of  ligand-based 
methods,  such  as  CoMFA.  in  elucidating  structure 
activity  relationships:  particularly  m  eases  were  the 
binding  orientations  of  ligands  arc  unknown. 

Thus  the  outcome  of  the  three  predictive  models  pre¬ 
sented  here  demonstrates  that  with  our  training  and  test 
set  of  compounds  CoMF  A  is  sufficiently  robust  to  pro¬ 
vide  predictive  models  despite  the  variod  binding  orien¬ 
tations  of  flavanoids  to  the  PIM-1  kinase.  The  utility  of 
our  model  has  been  demonstrated  by  its  successful  use 
to  predict  the  potencies  of  the  test  set  of  flavonoids 
(r!=  0.829).  lienee  we  present  here  the  first  predictive 
model  that  may  he  used  for  the  rational  design  of 
small-molecule  PIM-1  kinase  inhibitors. 


4.  Methods 


120 


IK) 


It  should  be  noted  that,  as  a  class  of  compounds,  flavo¬ 
noids  have  been  shown  to  be  inhibitors  of  other  kinases 
in  addition  to  the  PIM-I  kinase.  Protein  kinase  C49  and 
protein  kinase  A70  activity  have  been  shown  to  be  inhib¬ 
ited  by  flavonoids,  with  ICso  values  in  the  millimolar 
range.  In  contrast,  flavonoids  inhibit  the  PIM-1  kinase 
in  the  micromolar  and  submicromolar  ranges. 

Flavonoids  arc  promiscuous  compounds,  in  that  their 
effect  is  not  limited  to  the  kinase  class  of  enzymes. 
Flavonoids  have  been  shown  to  induce  mammalian 
topoisomcrasc  11-dependent  cleavage,71  and  inhibit  both 
mitochondrial  NADH-oxidasc72  and  HIV-1  intcgrasc.75 
Flavonoids  have  also  been  shown  to  inhibit  soybean 
lipoxygenase  and  stimulate  cyclooxygenase.74  Gastric 
H+,  K+-ATPasc,75  reverse  transcriptases,'4  and  DNA 
and  RNA  polymerases74  are  also  inhibited  by  flavo¬ 
noids.  Common  to  many  of  these  studies,  regardless  of 
the  target  enzyme,  is  the  observation  that  the  polyhydr- 
oxylatod  core  plays  a  major  role  in  the  potency  of  flavo¬ 
noids.  This  polyhydroxylation  is  also  an  important 
contributor  to  flavonoid  promiscuity. 

Comparing  the  hydroxylation  patterns  of  qucrcctagctin 
and  myricctin.  as  in  Figure  3d.  suggests  that  the  tri- 
hydroxylatod  ring  of  the  flavonoids  is  preferentially  ori- 
entod  toward  the  same  region  when  hound  to  the  PIM-I 


4.1.  PIM-I  activity 

The  1C so’s  usod  in  the  CoMFA  were  recently  reported 
for  PIM-I  kinase  activity  (Holder,  S„  Zemskova,  M„ 
Zhang.  C„  Tabrizizad,  M„  Bremer.  R..  Ncidigh.  J. 
W„  Lilly,  M.  B.  Characterization  of  a  potent  and  selec¬ 
tive  small-molecule  inhibitor  of  the  PIM1  kinase.  Mol. 
Cancer  Thcr.  20117,  6,  163-172).  These  values  were  used 
without  correction  or  normalization. 

4.2.  Molecular  modeling 

The  octanol-watcr  partition  coefficient  ( log  P)  for  each 
flavonoid  was  calculated  using  Chemdraw  version  6.0 
(Cambridgesoft,  Cambridge.  MA).  Molecular  dipoles 
were  calculated  using  MOPAC  with  default  settings. 
The  molecular  volume  (A5)  of  each  compound  was  cal¬ 
culated  in  SYBYL.  The  structures  and  ICso  values  of  the 
set  of  flavonoids  that  form  the  training  set  arc  listed  in 
Table  1.  Table  3  lists  the  structures  and  ICso  values 
for  the  flavonoids  that  form  the  test  set. 

The  structures  of  all  of  the  compounds  were  constructed 
in  the  BL'ILD/EDIT  mode  of  SYBYL  and  energy-min¬ 
imized  by  the  conjugate  gradient  method  using  the  Tri¬ 
pos  force  field44  from  a  starting  geometry  of  PIM-1 
bound  qucrcctagctin  (203P).  The  flavonoids  in  the 
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training  and  the  test  sets  have  a  common  double  six- 
memhered  ring  structure;  hence  atoms  in  this  common 
sub-structure  were  used  to  create  the  alignment  rule 
for  model  1.  All  of  the  structures  in  the  training  set  were 
aligned  over  the  atoms  04,  C5,  C6,  C7,  and  C8  of 
queroetagetin  from  the  co-crystal  structure  with  the 
«o  PIM-1  kinase.  Similarly,  the  flavonoids  in  the  test  set 
were  also  aligned  over  the  atoms  04.  C5,  C6,  C7,  and 
08.  CoMFA,  using  default  parameters,  was  calculated 
in  the  QSAR  option  of  SYBYL  6.5.  The  CoMFA  grid 
spacing  was  2.0  A  in  the  x,  y,  and  -  directions,  and  the 
grid  region  was  automatically  generated  by  the  CoMFA 
routine  to  encompass  all  molecules  with  an  extension  of 
4.0  A  in  each  direction.  An  sp?  carbon  (stcrics)  and  a 
charge  of  +1.0  (electrostatics)  were  used  as  probes  to 
generate  the  interaction  energies  at  each  lattice  point. 
4io  The  default  value  of  30  keal/mol  was  used  as  the  maxi¬ 
mum  electrostatic  and  stcric  energy  cutoff. 

Using  the  training  set  of  flavonoids.  cross-validated 
and  non-cross-validatcd  partial  least  squares  analyses 
(PL.S)  were  performed  within  the  SYBYL/QSAR  rou¬ 
tine.  Cross-validation  of  the  dependent  column 
(-loglC'so)  and  the  CoMFA  column  was  performed 
with  2.0  keal/'mol  column  filtering.  Scalod  by  the  CoM- 
FA  standard  deviation,  the  cross-validated  analysis 
generated  an  optimum  number  of  components  equal 
420  to  2  and  tf  =0.495  (Table  -)■  PLS  analysis  with  non- 
cross-validation.  performed  with  two  components,  gen¬ 
erated  a  standard  error  of  estimate  of  0.376,  a  proba¬ 
bility  {R1-  0)  equal  to  0.0IX).  an  F  value  («i  =2, 
>ti=  12)  of  24.792,  and  a  </2=  0.805  (Table  1).  Tlic  rel¬ 
ative  stcric  (0.626)  and  electrostatic  (0.374)  contribu¬ 
tions  to  the  final  model  were  contoured  as  the 
standard  deviation  multiplied  by  the  coefficient  at 
80%  for  favored  stcric  (contoured  in  green)  and  fa¬ 
vored  positive  electrostatic  (contoured  in  blue)  effects 
4io  and  at  20%  for  disfavored  stcric  (contoured  in  yellow) 
and  favored  negative  cloctrostatic  (contoured  in  rod)  ef¬ 
fects,  as  shown  in  Figures  5-7. 

On  the  basis  of  this  analysis,  the  lt'<o  values  of  the  test 
set  of  flavonoids  were  predicted  and  correlated  to  the 
observed  IC'so  values  as  determined  in  our  laboratory 
(Table  3).  T  he  CoMFA  contours  were  also  compared 
with  a  PIM-I  crystal  structure.  A  P1M-I  kinase  crystal 
structure  with  bound  queroetagetin  (the  mast  potent  fla- 
vonoid  inhibitor  of  the  PIM-1  kinase  among  those  we 
4»o  have  assayed)  was  superimposed  with  atoms  Ol,  C2, 
C3,  C4,  C5.  C'6,  17.  and  C8,  onto  the  qucrcetagetm 
structure  in  the  training  set  of  compounds  used  to  create 
the  CoMFA  model. 

A  crystal  structure  of  myrioctin  in  complex  with  the 
PIM-1  kinase  revealed  a  surprisingly  distinct  and  differ¬ 
ent  binding  orientation  than  qucrcetagetm.43  Hence  a 
second  CoMFA  alignment  rule  was  employed  (model 
II),  in  which  myrioctin  was  aligned  to  queroetagetin 
according  to  their  crystal  poses  rather  than  by  their 
4so  common  substructure  as  in  model  I.  To  accomplish  this 
alignment  the  two  crystal  structures  of  the  PIM-1  kinase 
in  complex  with  qucicctagctin  and  myrioctin  (RCSB 
Protein  Data  Bank  codes  2063, 2064.  respectively)  were 


superimposed  over  their  protein  backbones.  The  two 
PIM-1  kinase  structures  arc  notably  similar,  with  an 
RM.SD  over  the  complete  protein  backbone  of  only 
0.58  A.  Qucrcctagctin  and  myricctin  were  extracted 
from  their  respective  PIM-1  kinase  protein  structures 
to  achieve  a  ligand  alignment  and  orientation  hased  on 
the  crystal  poses.  The  remaining  compounds  in  the 
training  set  were  aligned  to  qucrcctagctin  by  their  com¬ 
mon  substructure,  as  in  model  1. 

Based  on  their  respective  hydroxylation  patterns,  com¬ 
pounds  3  and  10  were  identified  as  likely  candidates 
for  binding  to  the  PIM-1  kinase  in  a  similar  pose  to 
myricctin.  rather  than  that  of  qucrcctagctin  (sec  the  dis¬ 
cussion  section  for  a  detailed  explanation).  Conse¬ 
quently  a  third  alignment  rule  was  employed  (model 
111),  where  myricctin  and  compounds  3  and  10  were 
aligned  in  the  crystal  pose  of  myricctin.  while  the 
remaining  compounds  in  the  training  set  were  aligned 
in  the  qucrcctagctin  crystal  pose. 
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A  defining  characteristic  of  solid  turnon 
is  the  capacity  to  divide  aggressively  and 
disseminate  under  conditions  of  nutrient 
deprivation,  limited  oxygen  availability,  and 
exposure  to  cytotoxic  drugs  or  radiation. 
Survival  pathways  are  activated  \rithin  tumor 
cells  to  cope  with  these  ambient  stresses.  We 
here  describe  a  survival  pathway  activated  by 
the  anti-cancer  drug  docetaxel  in  prostate 
cancer  cells.  Docetaxel  activates  STAT3 
phosphorylation  and  transcriptional  activity, 
which  in  turns  induces  expression  of  the 
PIM1  gene,  encoding  a  serine  -threonine 
kinase  activated  by  many  cellular  stresses. 
Expression  of  PIM1  improves  survival  of 
docetaxekreated  prostate  cancer  cells,  and 
PIM1  knockdown,  or  expression  of  a 
dominant-negative  PIM1  protein,  sensitize 
cells  to  the  cytotoxic  effects  of  docetaxel. 
PIM1  in  turn  mediates  docetaxeiinduced 
activation  of  NFkB  transcriptional  activity, 
and  PIM1  depends  in  part  on  NFkB  p6? 
protein  for  its  prosurvival  effects.  The  PIM1 
kinase  plays  a  critical  role  in  this  STAT3-> 
PIMl->  NFkB  stress  response  pathway,  and 
selves  as  a  target  for  inteivention  to  enhance 
the  therapeutic  effects  of  cytotoxic  drugs  such 
as  docetaxel. 

A  defining  characteristic  of  sohd  tumors  is 
the  capacity  to  drade  aggressively  and 
metastasize  under  conditions  of  nutrient 
deprivation  and  hunted  oxygen  availability. 
These  microenvironmental  stresses  arise  from 
inadequate  perfusion  as  the  primary"  tumor 
rapidly  outgrows  its  initial  blood  supply,  and 
from  dramatic  structural  abnormalities  of  tumor 
vessels  that  lead  to  aberrant  microcirculation. 
Survival  pathways  are  activated  within  tumor 


cells  to  cope  with  these  ambient  stresses. 
Examples  include  stress  pathways  that  respond 
to  hypoxia  (1),  oxidative  stress  (2),  and 
unfolded  protein  endoplasmic  reticulum  stresses 
(3).  In  addition  to  these  microenvironmental 
stresses,  anti-cancer  treatment  can  cause 
additional  stresses  to  cancer  cells.  These  added 
insults  call  forth  additional  responses  that  can 
augment  the  survival  mechanisms  of  the 
malignant  cells  and  impair  overall  cell  kill.  Key 
participants  in  stress  response  pathways  induced 
by  cytotoxic  drugs  include  AKT-  and  other 
kinase-dependent  pathways  (4-8).  NFkB 
pathways  (9).  and  mediators  of  DNA  repair  (10). 

Among  the  potential  survival  proteins  in 
cancer  cells  are  the  PIM  family  of  kinases, 
including  the  PIM1,  PIM2.  and  PIM3  genes. 
These  small,  cytoplasmic  serine -threonine 
kinases  function  as  true  oncogenes,  promoting 
the  development  of  cancer  m  animal  models, 
either  alone  (1 1)  or  synergistically  with  other 
oncogenes  such  as  MYC  (12).  In  normal  and 
malignant  ceEs  PIM  kinases  are  highly  regulated 
at  the  transcriptional  level.  Expression  is 
induced  by  many  cellular  stresses,  including 
cytokines  (13).  oncogenes  (14),  hypoxia  (15), 
heat  shock  (16),  and  toxin  exposure  (17).  In 
addition.  PIN!  kinases  are  constitutively 
expressed  m  a  variety  of  leukemias  and 
lymphomas  (18).  in  head  and  neck  squamous 
cell  carcinomas  (19),  as  well  as  m  prostate 
cancer  (20-22).  Therefore  PIM  kinases  may- 
mediate  in  part  the  process  of  carcinogenesis. 

PIM  kinases  have  been  shown  to  promote 
ceE  survival  in  the  face  of  cytokine  withdrawal, 
as  weE  as  exposure  to  ionizing  radiation  and 
doxorubicin  (13,23,24).  This  is  accomplished  in 
pan  through  phosphorylation  of  the  pro- 
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apoptotic  protein  BAD  on  -serine- 112,  leading  to 
its  sequestraton  by  14-3-3  (25,26).  It  is 
unknown  whether  PIM  kinases  participate  in 
induced  cytoprotective  responses  following 
treatment  of  cancer  cells  with  chemotherapeutic 
agents.  Since  die  PIM1  kinase  has  been 
implicated  in  the  development  or  progression  of 
prostate  cancer,  wTe  have  examined  its  role  in 
cell  responses  to  docetaxel.  the  primary 
cytotoxic  agent  used  to  treat  prostate  cancer 
(27.28).  We  here  present  data  showing  that 
PIM1  expression  is  induced  by  docetaxel 
treatment.  Furthermore.  PIM1  is  a  key 
component  of  a  survival  pathway  that  includes 
STAT3  and  NFkB  transcnptional  complexes. 

Experimental  Procedures 

Reagents.  Docetaxel  pharmaceutical  grade 
solution  (Sanofi)  wras  diluted  in  unsupplemented 
kerannocyte  medium  (Invitrogen)  immediately 
before  each  experiment.  3-(4,  5-Dnnethyl-2- 
thiazohi)-2,5-diphenyl-2H-tetiazohum  bromide 
(MTT)  was  prepared  as  stock  solutions  m  PBS. 
The  following  monocbnal  antibodies  were  used: 
anti-fl-ACTIN  (done  AC- 15;  Sigma).  anttPIMl 
(clone  12H8;  Santa  Cruz).  anu-BCLj  (clone  H- 
5:  Santa  Cruz).  anti-phospho-STAT3  (Tyr705) 
(clone  3E2:  Cell  Signaling),  anti-total  STAT3 
(clone  84;  BD  Biosciences),  and  anti-human 
cyclin  B1  (clone  GNS-1;  BD  Biosciences). 

Cell  Culture  and  generation  of  stable  clones. 
RWPE-1  and  RWPE-2  prostate  epithehal  cell 
lines  (both  from  ATCC)  were  maintained  in 
kerannocyte  mediiun  (Invitrogen)  supplemented 
with  5  ngniL  human  recombinant  EGF.  0.05 
mgmL  bovine  pituitary  extract  100  units  mL 
penicillin  and  100  ug'mL  streptomycm 

(MediaTech).  RWTE-1  cells  are  immortalized 
but  not  tumongenic;  RWPE-2  cells  are  both 
immortalized  and  tumongenic  in 
immunodefrcient  animals. 

For  some  experiments  we  produced 
additional  pools  of  RWPE-1  and  RWPE-2 

prostate  cells  that  overexpressed  wild- type  or 
dominant-negative  PIM1  cDNAs  (23)  through 
retroviral  transduction.  The  coding  regions  for 
the  human  PIM1  gene  or  a  dominant-negative 
variant  (NTS1)  were  cloned  into  the  pLNCX 
retroviral  vector  (Clontech).  To  produce 

infectious  viruses  the  GP-293  packaging  cell 


hue  was  co-transfected  with  retroviral  backbone 
plasmids  (pLN'CX,  pLNCXPIMl  or 
pLNCXNT81)  and  with  pVSV-G.  a  plasmid 
that  expresses  the  envelope  glycoprotein  from 
vesicular  stomatitis  vims,  using  the  calcium 
phosphate  method  After  48  hours  of  incubation 
the  medium  was  collected  and  the  vims  particles 
w-ere  concentrated  by  centrifugation  Prostate 
cells  were  plated  at  1  x  10?  per  60-mrn  plate  16- 
18  hours  before  infection.  Cells  were  infected 
with  5  x  104  viral  particles  per  plate  m  the 
presence  of  8  ug  rnl  polybrene.  After  6  hours  of 
incubation  the  vims -containing  media  was 
replaced  with  fresh  media,  and  on  the  next  day 
G418  400ugmL  was  added  to  select  stably 
infected  cell  populations.  After  10  days  of 
selection  stable  cell  pools  were  established  and 
expression  of  the  PIM1  transgenes  was  verified 
by  Western  blot  analysis. 

For  reporter  gene  assays,  RWPE-2  cells 
stably  expressing  a  NFdB-hiciferase  reporter 
plasmid  were  prepared.  The  parental  cell  line 
was  co-transfected  with  the  reporter  gene 
plasmid  (Strategene)  and  a  puromycin  resistance 
plasmid.  Puromycin-resistant  clones  were 
screened  for  expression  of  firefly  luciferase  m 
response  to  stimulation  with  tumor  necrosis 
factor  alpha  (Peprotech).  Two  high-responding 
clones  were  combmed  to  create  a  pooL  In  some 
experiments  this  pool  of  reporter  cells  was 
further  infected  with  PIMl-encodmg 
retroviruses  as  descnbed  above,  and  funher 
pools  were  selected  bv  treatment  of  the  cultures 
with  G418. 

Determination  of  cell  xiabilii y  and  apoptosis. 
To  determine  cell  survival  following  docetaxel 
treatment,  both  short-term  (MTT)  and  long-term 
(regrowth)  assays  wrere  used.  For  the  former, 
cells  were  seeded  into  96well  plates  (1-2  x  10* 
cells  Well)  and  allowed  to  adhere  overnight. 
Docetaxel  was  added  and  the  cells  were 
incubated  for  various  period  of  time. 
Metabolically  active  cells  were  measured  by  the 
MTT  assay.  For  regrowth  assays,  cells  were 
plated  at  5  x  KTwell  of  12-wrell  plates,  and 
allowred  to  adhere  overnight.  Docetaxel  was 
then  added  for  24hrs.  Cells  were  subsequently 
trypsmized.  and  dilutions  were  plated  m  fresh 
medium  m  24-well  plates,  and  allowed  to  grow 
for  6-7  day's.  Cell  numbers  w'ere  then 
enumerated  by  crystal  violet  staining  (29). 
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To  measure  caspase  activation  following 
docetaxel  treatment,  the  c  arboxyfluorescein 
FLICA  apoptosis  detection  kit  was  used 
(Inuminochemistry  Technologies).  The  stamed 
cells  were  analyzed  with  a  FACScalibur  flow 
cytometer. 

DNA  histogram  analysis.  After  docetaxel 
treatment  for  24  hours  the  floating  and  adherent 
cells  were  harvested  and  combined,  washed  with 
PBS.  then  fixed  with  cold  70%  ethanol  and 
stored  at  4°C.  The  cells  were  then  washed  with 
PBS  and  were  resuspended  in  1  ml  of  PBS 
containing  25  |igml  propidium  iodide.  0.1% 
Triton  X100.  and  40  ug  ml  RNAase  A.  After 
incubation  at  least  30  mm  at  4°C  the  cells  then 
were  analyzed  by  FACScalibur  flow  cytometer 
using  channel  FL3. 

Luciferase  reporter  assays.  Cells  (4  x 
1  Orwell)  were  plated  in  24-well  plates  and 
allowed  to  adhere  overnight.  Cells  then  were 
untreated  or  not  with  docetaxel  and  incubated 
for  6  hours.  The  level  of  luciferase  expression 
was  determined  in  triplicate  using  a  luciferase 
assay  system  (Promega)  according  to  the 
manufacturer’s  protocol.  The  luminescent  signal 
recorded  using  a  plate  iuminometer  (Beithold 
Technologies).  Luciferase  activty  was 
normalized  to  total  protein  concentrations,  as 
measured  by  the  Bradford  method 

Western  blotting.  Cells  (5-7  x  10s)  were 
washed  with  cold  PBS  and  lysed  in  100  pi  of 
lysis  buffer  (20mM  Tns-HCl  pH  7.5.  1%  SDS, 
50mM  NaCl.  ImM  EDTA  supplied  with  ImM 
phenylmethylsulfonvl  fluonde  and  protease 
inhibitor  cocktail  Set  V  (C'albiochem).  The 
lysates  were  somcated  and  the  protein 
concentration  wras  measured  using  the  BCA™ 
Protein  assay  kit  (Pierce).  Up  to  70  pg  of  total 
protein  lane  were  subjected  to  12%  SDS-PAGE 
and  transferred  to  polyvmylidene  membranes. 
The  membranes  were  blocked  with  5%  skimmed 
milk  m  TBST  (20  mM  Tns-HCl.  pH  7.5,  150 
niM  Nad.  0.1%  Tween  20).  and  then  incubated 
overnight  in  5%  of  skimmed  nnlk  or  5%  bovine 
serum  albumin  in  TBST  with  primary  antibodies 
(dilution  1  1000)  at  4'  C  with  constant  shaking. 
After  washing  with  TBST,  the  membranes  were 
exposed  to  peroxidase-coupled  secondary 
antibodies  for  1  horn  at  room  temperature. 
Membranes  then  washed  again  with  TBST. 
Detection  of  the  protein  was  performed  by  using 


the  chemiluminescent  SuperSignal  West  Femto 
or  Pico  Maximum  Sensitivity  substrate  (Pierce). 

Real-Time  PCR  Total  RNA  was  extracted 
with  TRIzol  Reagent  (Invitrogen)  and  single - 
stranded  cDNA  was  constructed  by  Superscript 
IE  polymerase  (Invitrogen)  and  oligo-dT 
pnmers  Real-Time  PCR  wTas  performed  using 
iCvcler  (Bio-Rad)  and  SYBR  Green  PCR 
master-mix  reagents  (QLA.GEN).  The  following 
pnmers  were  used:  PIM1  Forward  5’- 
AAC’TGGT  CTTCC  TTTTT  GGTT-3  ’  ;  PIM1 
Reverse  5'  -T  ACC  AT  GC  C  AAC'T  GTAC  A  CAC- 
3’;  CFL  (cofihn)  Forward  5T- 
GAGCAAGAAGGAGGATCTGGT-3 ? :  CFL 
Reverse  5  ’  -CAATTCATGCTTGATCCCTGT- 
3’.  The  PIM1  primer  concentration  was  2pM 
and  die  CFL  (cofilin)  primer  concentration  was 
0.3 uM  per  reaction. 

STAT3  decoy  and  mutant  control  decoy 
oligonucleotide  treatment  The  STAT3  decoy 
and  mutant  decoy  oligonucleotides  utilized 
previously  descnbed  sequences  (30).  RWPE-2 
cells  were  seeded  into  6-well  plates  (5-7  x 
1  Orwell)  and  allowed  to  grow.  Twenty-four 
hours  later  the  cells  were  treated  with  STAT3 
decoy  oligonucleotide  (50nM)  or  mutant  control 
oligonucleotide  (50  nM)  using  TranrlT® - 
OligoTransfecUon  Reagent  (Mims).  Incubation 
times  of  cells  with  decoy  oligonucleotides  vaned 
between  experiments  (see  figure  legends). 

siRNA  studies  In  some  cases  (NFvB  siRNA 
studies)  cells  were  transfected  with  NFKBi  (= 
p50)  siRNA.  RELA  (=  p65)  siRNA.  or  control 
siRNA  (Santa  C'niz).  One  day  prior  to 
transfection.  5  x  105  cells  well  were  seeded  in  6- 
well  plates.  Twenty-four  hours  later  the  cells 
were  transfected  with  siRNAs  using  the 
JranrlT-TKO*  Transfection  Reagent  (Minis), 
and  incubated  overnight.  The  cells  were  then 
trypsimzed.  counted,  and  phted  into  24-well 
plates  (5-7  x  10*  well)  for  luciferase  assay, 
performed  24  horns  later  (48  hours  after 
transfection).  Alternately,  for  mimimoblot 
analysis .  the  cells  were  plated  in  6well  plates, 
transfected  with  siRNAs,  and  lysed  after  48 
hours  after  transfection.  For  docetaxel  treatment 
the  cells  were  seeded  into  a  96-well  plate  (1-2  x 
104  cell well,  100  ill  total  volume)  and  allowed 
to  adhere  for  12hrs.  They  were  then  transfected 
with  siRNAs  using  TranrlT-TKO*  Transfection 
Reagent  (Minis).  Twenty-four  hours  later 
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docetaxel  (100  n\l)  was  added  to  the  cells,  and 
incubation  continued  for  48  hours.  The  MIT 
assay  was  then  performed. 

Alternately  (PIM1  siRN’A  studies)  specific 
and  control  siRNA  sequences  were  cloned  into 
pSILENC'ER  (Ambion)  plasnnd  and  used  for 
transfection.  The  PIM1 -targeting  sequence  was 
5’-  AACATCCTTATCGACCTCAATCGCG-3 
and  the  control  sequence  was  5’- 
GCCTAC'CGTCAGGCTATCGCGTATC  -3'. 
Plasmids  were  transiently  transfected  into 
RWPE-2  cells  with  a  Nucleofector  device 
(Amaxa)  and  incubated  for  24  hours.  Then,  cells 
were  trvpsinized  and  re-plated  with  density  5  x 
10'  cells  Well  in  dwell  plates  for  unmunoblot 
assay  and  2  x  101  cells  Well  into  96-well  plate 
for  cell  viability  analysis.  Next  day.  48  hours 
after  transfection.  lOOnM  of  Docetaxel  was 
applied,  then  die  cells  were  incubated  for  an 
additional  6  hours,  lysed  and  used  for  an 
imuunoblottmg  assay  with  anti-PIMl  antibody 
was  performed  to  detect  PIM1  knockdown. 
Alternatively,  for  cell  survival  assay,  lOOnM  of 
docetaxel  was  added  for  24, 48  or  72  hours.  The 
cell  viability  was  measured  with  MTT  assay. 


RESl'LTS 

Docetaxel  increase s  expression  of  P1M1 
mRNA  and  protein  in  prostate  epithelial  cell 
lines.  To  investigate  the  effect  of  docetaxel  on 
the  expression  of  the  PIM1  kinase,  we  treated 
RWPE-1  and  RWPE-2  prostate  epithelial  cells 
with  pharmacological  concentrations  of 
docetaxel  that  approximate  those  observed  in 
plasma  within  24  hours  after  drug 
administration  Expression  of  PDvll  protein  was 
analyzed  by  immunoblottmg.  Docetaxel 
induced  expression  of  the  kinase  by  3  hours, 
with  maximum  expression  between  612  hours, 
and  then  a  decline  to  near-baseline  levels 
thereafter  (Fig.  1  A-D).  Quantitative  analysis  of 
the  densitometry  data  showed  that  PIM1 
expression  increased  2.5-7-fold  dunng  this 
interval.  The  increase  was  statistically 
significant  at  3,  6,  and  9  horns  m  eleven  of 
twelve  cell  dose  combinations  (Fig.  1  A-D),  and 
of  borderline  significance  m  the  last 
combination  Elevated  PIM1  levels  were  less 
consistently  seen  at  the  later  time  points  (12,  24 


hours).  Similar  results  were  seen  with  either 
RWPE-1  or  RWPE-2  cells,  and  with  either 
lQnM  or  lOOnM  docetaxel  concentrations. 

To  explore  whether  docetaxel-mediated 
induction  of  PIM1  expression  was 
transcriptionally  regulated,  real-time  reverse- 
rranscnption-PC'R  analysis  was  used  (Fig.  2). 
Docetaxel  induced  up-regulation  of  the  PIM1 
transcnpt  level  in  both  RWPE-1  and  RWPE-2 
cells  treated  with  either  lOnM  or  lOOnM  of  dmg. 
The  results  of  real-time  reverse-transcnpaon- 
PCR  analysis,  showing  a  tuTo-  to  four-fold 
increase  of  PIM1  mRNA  expression,  were  m 
direct  agreement  with  the  docetaxekmduced  up- 
regulation  of  PIM1  protem  detected  by  Western 
blot.  The  level  of  PIM1  mRNA  increased 
gradually  m  the  presence  of  lOnM  of  docetaxel. 
With  the  higher  drug  concentration  (lOOnM) 
there  wras  more  rapid  up-regulation  of  PIM1 
transcnpt 

Previous  studies  suggest  that  the  PIM1 
protem  increases  during  the  G2  M  phase  of  the 
cell  cycle  (31).  Since  docetaxel  treatment  has 
been  reported  to  cause  G2'M  arrest,  it  was 
possible  that  the  increase  m  PIM1  protem  that 
accompanies  dnig  treatment  might  merely 
reflect  a  change  in  cell  cycle  distribution.  We 
used  DNA  histogram  analysis  to  idenufy 
changes  m  cell  cycle  distributions  in  RWPE-2 
cells  after  docetaxel  treatment  (Fig.  3A).  There 
was  no  overall  increase  m  the  G2.M  cell 
population  after  24  hours  of  low-dose  (lOnM) 
docetaxel  treatment,  compared  with  vehicle - 
treated  cells  (p  =  0.31  for  no  difference,  based 
on  6  independent  experiments).  A  large  increase 
in  G2/M  cells  was  observed  after  treatment  of 
RWPE-2  cells  with  a  higher  concentration 
(lOOnM)  of  docetaxel  for  24  hours.  Treatment 
with  ICtnM  of  docetaxel  tailed  to  induce  the 
mitotic  arrest,  but  increased  the  proportion  of 
cells  in  sub-Gl  fraction,  with  DNA  content 
lower  than  2N.  DNA  loss  occurred  when  cells 
passed  through  transient  mitotic  block  forming 
multmnninucleated  interpkase  cells  (32).  The 
data  of  DNA  histogram  analysis  were  confirmed 
by  DAPI  staining  and  phase-contrast  microscopy 
after  incubation  of  RWPE-2  cells  with  lOnM  or 
lOOnM  of  docetaxel  for  24  horns  (data  not 
shown).  Variable  G2M  airest  wras  confirmed 
by  immunoblottmg  to  detect  expression  of 
cvclin  B1  (a  G2'M  phase  marker).  There  was  no 
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change  in  cyclin  B1  expression  within  24  hours 
after  lOnM  docetaxel  treatment,  but  a  time- 
dependent  mcrease  of  cvchn  B1  protem  was 
apparent  after  100  nM  docetaxel  exposure  (Fig. 
3B,  right  panel).  During  both  treatments, 
however.  PIM1  expression  increased  between 
three  and  twelve  hours  of  exposure,  independent 
of  die  extent  of  G2M  arrest  and  cyclin  B1 
expression. 

Endogenous  and  enhanced  expression  of 
Phil  protects  prostate  epithelial  cells  from 
docetaxel-induced  cell  death  and  apoptosis  To 
determine  whether  PIM1  can  protect  prostate 
cells  from  docetaxel-triggered  cell  death,  we 
infected  RWPE-2  cells  with  retroviruses 
encoding  a  PIM1  cDNA  (pLNCX  PIM1),  or  an 
empty  retrovirus  (pLNCX).  Pools  of  stably  - 
transduced  cells  were  selected  treated  with 
docetaxel  (lOnM  or  lOOnM)  for  up  to  72  hours, 
and  then  analyzed  by  MTT  assay  t>  measure 
metabohcallv  active  cells.  Enforced  expression 
of  wild-type  PIM1  kinase  was  able  to 
consistently  improve  cell  survival,  as  reflected 
by  the  MTT  assay,  at  time  points  up  to  72  hours 
afrer  the  start  of  docetaxel  exposure  (Fig.  4)-  A 
statistically  significant  survival  advantage  was 
seen  at  both  low  (lOnM)  and  high  (lOOnM)  drug 
concentrations,  and  m  both  RWPE-1  (data  not 
shown)  and  RWPE-2  cells. 

To  determine  if  ambient  levels  of  PIM1  can 
protect  RWPE-2  cells  from  docetaxel  toxicity, 
we  introduced  control  and  PIMl-specific  siRNA 
oligonucleotides  into  target  cells.  Control 
siRNA  oligonucleotides  were  unable  to  block 
the  docetaxel-induced  increase  in  PIM1 
expression.  In  contrast  PIM1  siRNAs 
substantially  prevented  the  mcrease  m  kinase 
expression  following  drug  exposure  (Fig.  5A). 
Down-regulation  of  endogenous  PBvll  kinase 
expression  led  to  enhanced  cell  kill  up  to  ~2hrs 
after  drug  application  (Fig.  5B).  The  drug 
sensitization  was  statistically  significant  at  every 
tune  point.  To  confirm  the  protective  effect  of 
endogenous  PIM1  kinase,  we  also  introduced  a 
dominant-negative  enzvme  (HM1.'NT81)  into 
RWPE-1  and  RWPE-2  cells  by  retroviral 
transduction.  This  truncated  protem  was 
expressed  well  (Fig.  6A  and  BTi.  As  was  seen 
with  the  knockdown  experiments,  the  NT81 
mutant  kinase  also  sensitized  cells  to  the 
cytotoxic  effect  of  docetaxel.  These 


experiments  clearly  demonstrate  that  ambient 
levels  of  PIM1  are  protective  against  docetaxek 
rnduced  cell  death. 

Docetaxel  has  previously  been  shown  to 
induce  cell  death  m  pan  by  apoptosis  (33-35). 
Therefore,  we  measured  caspase  activation  by  a 
fluorescent  caspase  activity  assay  m  drug-treated 
cells  as  an  index  of  docetaxel  cytotoxicity.  The 
wild-type  PIM1  kinase  decreased  drug-induced 
caspase  activation,  consistent  with  its  previously 
demonstrated  survival  activity  (Fig.  5,  6C).  The 
dominant-negative  PIM1  kinase  markedly 
enhanced  drug-induced  caspase  activation,  and 
the  effect  was  statistically  significant  m  both 
prostate  cell  lines. 

The  drug  effect  reflected  by  the  MTT  and 
caspase  assays  was  not  great  and  its  reversal  by 
PIM1  expression,  while  statistically  significant 
was  still  quantitattvely  modest.  These  data 
reflect  the  tact  that  docetaxel  does  not  produce 
massive,  immediate  apoptotic  cell  death.  To 
better  measure  the  protective  effects  of  PIM1 
kinase  on  the  proliferative  potential  of 
docetaxel- treated  cancer  cells,  we  used  a 
regrowth  assay  (Fig.  7).  Since  RWPE-2  cells 
form  loose  colomes  and  aggregates,  we  were  not 
able  to  count  discrete  colonies:  thus,  the  studies 
are  technically  not  clonosenic  or  colonv-growth 
assays.  RWPE-2PIM1  and  RWPE-2  NT81 
cells  were  treated  with  various  concentrations  of 
docetaxel  for  24  hours,  then  were  trvpsmized 
and  plated  in  fresh  medium  (without  drug)  and 
allowed  to  grow  for  6-7  days.  Cell  growth  was 
then  quantified  by  staining  with  crystal  violet 
dye.  Docetaxel  produced  dose-dependent 
inhibition  of  growth  in  both  cell  lines.  However, 
growth  inhibition  was  up  to  8-fold  greater  in  the 
RWPE-2  NT81  cells.  particularly  at  the  drug 
concentrations  of  5nM  or  higher.  Thus  the 
presence  of  biologically  active  P3.I1  kinase 
markedly  inhibited  docetaxel-induced  cell  death. 

The  STAT3  transcription  factor  mediates 
induction  of  PBA1  by  docetaxelm  To  identify 
mechanisms  by  which  docetaxel  could  induce 
PIM1  expression,  we  examined  the  activation 
status  of  STAT3  and  STAT5  transcriptional 
factors,  known  mediators  of  PDvIl  transcription, 
afrer  docefixel  treatment.  STAT5  was  not 
consistently  phosphoiylated  in  RWPE-1  or 
RWPE-2  cells  (data  not  shown).  The  level  of 
phosphoSTAT3  (Tyr705)  was  strongly  and 
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rapidly  increased  after  lOnM  and  lOCkiM 
treatment  of  RWPE-l  and  RWPE-2  cells  (Fig. 
SA-D).  wlnle  the  total  amount  of  STAT3  protem 
was  not  changed.  Docetaxel  induced 
phosphorylation  of  STAT3  simultaneously  with 
up-regulation  of  PIM1  expression.  These  results 
suggested  docetaxel-induced  expression  of 
PIM1  may  be  dependent  of  activation  of  the 
STAT3  transcriptional  factor. 

To  determine  if  docetaxel  induces  PIM1 
expression  m  a  STAT3-dependent  manner,  we 
used  double -stranded  STAT3  decoy 
oligonucleotides  (30)  to  selecuvelv  abrogate 
STAT3  transcriptional  activity.  RWPE-2  cells 
were  incubated  with  wild -type  or  mutant- 
sequence  STAT3  decoys  for  48  hours.  PIM1 
expression  was  then  analyzed  by 
immunoblotting  (Fig.  &V>.  STAT3  decoys,  but 
not  mutant  decoys,  decreased  PIMlexpression. 
as  well  as  expression  of  the  known  STAT3 
target  gene  BCLx,  These  results  demonstrate 
that  STAT3  transcriptional  activity  controlled 
basal  PIM1  gene  expression  in  RWPE-2  prostate 
cells.  STAT3  decoy  treatment  was  not 
associated  with  decreased  levels  of  either 
STAT3  protem  or  tvrosine  phosphorvlated 
STAT3. 

To  further  define  die  role  of  STAT3 
transcriptional  activity  m  docetaxekdependent 
PIM1  expression,  we  treated  RWTE-2  cells  with 
STAT3  or  mutant  decoy  oligonucleotides  for  18 
hours.  Docetaxel  was  then  added  for  an 
additional  6  hours.  As  shown  (Fig.  9B),  the 
STAT3  decoy  did  not  prevent  docetaxel-  induced 
phosphorylation  of  STAT3.  but  did  inhibit  the 
effect  of  the  drug  on  PIM1.  In  contrast,  the 
mutant  oligonucleotides  had  no  effect  on  PIM1 
expression.  These  results  identify  STAT3  as  an 
upstream  mediator  through  winch  docetaxel 
induces  expression  of  the  PIM1  kinase. 

Docetaxel  acmates  NFkB  transcriptional 
activity'  in  a  PIM1 -dependent  manner 
Inhibition  of  die  NF»:B  transcriptional  complex 
sensitizes  prostate  cancer  cells  to  paclitaxel 
(another  taxane)  and  enhances  drug-induced 
apoptosis  (36).  We  hypothesized  that  the 
protec  tree  role  of  PHvll  in  docetaxel-  induced 
apoptosis  could  be  mediated  through  activation 
of  NFkB  transcriptional  activity  as  welL  We 
initially  investigated  the  effect  of  P1M1 


expression  on  NFkB  transcriptional  activity. 
RWPE-2  cells  stably  expressing  an  NFxB- 
dependent  luciferase  expression  plasmid  were 
infected  with  retroviruses  encoding  PIM1  or 
empty  retrovirus  only.  Enhanced  expression  of 
PIM1  consistently  increased  NFkB 
transcriptional  activity  about  two-fold  (Fig.  10). 

We  then  treated  the  NFkB  reporter  cell  line 
with  docetaxel.  Cells  w  ere  incubated  for  6  hours 
with  docetaxel.  and  then  were  assayed  for 
luciferase  activity.  As  shown  (Fig.ll)  docetaxel 
increased  NFkB  directed  luciferase  expression 
m  a  concentration-dependent  manner.  Co- 
expression  of  a  dominant-negauve  PIMl  protein 
substantially  blocked  drug-induced  activation  of 
NFkB  transcriptional  activity'  at  each  docetaxel 
concentration  (Fig  11). 

Tke  protective  effect  of  PRU  expression  from 
docetaxel-induced  death  depends  in  pan  on 
NFkB  actuation.  To  detennine  if 
PIMlenhances  survival  of  docetaxel- treated 
cells  through  NFkB  activation,  we  used  siRNA 
to  inhibit  expression  of  the  RELA  (p65)  and 
NFKB1  (pl05,  p50)  proteins,  the  two 
components  of  the  major  NFkB  complex 
Figure  12A  shows  that  basal  and  PIM1- 
dependent  activation  of  NFkB  is  decreased  by 
p65RELA  and  piONFKBl  siRNAs. 
Inimunoblottmg  confirmed  the  knockdown  of 
the  corresponding  p65  RELA  and  p50NFKBl 
protems  (Fig.  12B). 

A  survival  analysis,  based  on  the  MTT  assay, 
was  then  performed  on  docetaxel- treated  cells 
(Fig.  13A.  B).  With  all  siRNA  treatments. 
RWPE-2.  PIM1  cells  showed  improved  survival 
compared  to  that  of  cells  infected  with  pLNCX 
vims  alone  (Fig.  13 A).  The  p65  RELA  and 
p50  NFKB1  siRNAs  reduced  survival  of  both 
cell  lines.  The  p50NFKBl  siRNA  did  not 
significantly  impair  the  survival  of  docetaxel 
treated  RWPE-2  pLNCX  cells,  while  it  did  have 
a  significant  effect  on  RWPE-2  PI\11  cells.  In 
contrast  p65RELA  siRNAs  significantly 
enhanced  docetaxel  cell  kill  m  both  cell  lines. 
These  data  suggested  that  cells  with  high 
expression  of  PEN11  (RWPE-2  PEM1)  might  be 
more  sensitive  to  the  effects  of  NFkB  siRNAs 
than  were  cells  with  low  levels  of  PDvll 
(RWPE-2,  pLNCX).  We  then  reanalyzed  the 
data  by  normalizing  the  survival  <f  p65  RELA 
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and  p50  NFKB1  siRNA-treated  cells  to  that  of 
cells  treated  with  docetaxel  and  control  siRNA. 
The  p65RELA  and  p50NFKBl  siRNAs 
enhanced  docetaxel-mduced  cell  kill  of  RAVPE- 
2/PIM1  cells  to  a  greater  extent  than  they 
enhanced  kill  of  RWPE-2  pLNCX  (=  vector 
only)  cells.  This  enhancement  was  of  borderline 
significance  for  p50  NFKB1  siRNA  (p  =  0.057), 
but  was  highly  significant  for  p65RELA 
siRNA.  These  results  demonstrate  that  the 
p65RELA  and  p50NFKBl  proteins  mediate 
resistance  to  docetaxel  cel  kill.  Their  effects  are 
more  pronounced  m  prostate  cells  with  higher 
PIM1  levels  that  in  similar  cells  with  lower 
amounts  of  PIM1.  These  data  demonstrate  that 
the  ability  of  PDvll  to  decrease  docetaxel- 
mduced  cell  kill  depends  in  part  on  the 
p65RELA.  and  possibly  the  piONFKBl. 
protein. 

DISCISSION 

The  present  study  assessed  the  up-regulation 
of  PDvll  expression  following  docetaxel 
treatment  of  prostate  epithelial  cells.  Docetaxel 
induced  expression  of  PIM1  in  a  time -dependent 
manner,  and  PIM1  expression  was  independent 
of  cell  cycle  arrest.  Apoptosis  is  involved  m 
docetaxel"  s  antitumor  effects,  both  in  cultured 
cells  and  clinical  settings  (34.35,37).  Our  results 
demonstrated  that  PIM1  inhibited  docetaxel- 
mduced  apoptosis.  Recent  work  has  indicated 
that  other  modes  of  cell  death  may  also 
contribute  significantly  to  the  overall  therapeutic 
response  to  docetaxel  (33).  Whether  PIM1 
modulates  these  other  forms  of  docetaxel- 
mduced  cell  death  requires  further  mvesngation. 

Cellular  stressors  are  known  to  activate 
survival  pathways.  Among  these  stressors  are  a 
wide  variety  of  aun-neoplashc  agents,  such  as 
cytotoxic  drugs  (including  taxanes:  6,7,10,39), 
tyrosine  and  serme -threonine  kinase  inhibitors 
(4,5),  and  oiterpenes  such  as  betulmic  acid  (38). 
These  agents  are  capable  of  transiently 
activating  kinases  and  other  survival  mediators, 
such  as  AKT.  ERK1.  and  NFkB  transcriptional 
activity.  It  appears  that  drug-induced  activation 
of  survival  signaling  pathways  can  impair  the 
cytotoxic  effects  of  chemotherapy  drugs  both  in 
vivo  and  in  vitro  (9.40),  and  inhibition  of 


activated  kinases  can  potentiate  cvtotoxic  dnis 
cell  kill  (40-44). 

Our  data  document  the  existence  of  a 
STAT3->  PIMl->  NFkB  survival  pathway  that 
is  activated  by  docetaxel.  and  wrhich  mediates 
docetaxel  resistance.  The  linear  relationships 
among  the  pathway  components  were 
established  by  temporal  correlations  as  well  as 
by  blocking  experiments  using  siRNAs  and 
oligonucleotide  decoys.  Resistance  to  docetaxel 
has  previously  been  ascribed  to  tubulin 
mutations  (45).  as  well  as  to  MDR.- dependent 
effects  (46,47)  and  to  limited  tissue  penetration 
(48).  Fewer  data  exist  to  implicate  transient  or 
acquired  resistance  mediated  through  survival 
pathways.  A  previous  report  has  shown  that 
stable  overexpression  of  STAT1  is  associated 
with  docetaxel  resistance  m  prostate  cancer  cell 
lines  (49).  In  addition,  genetic  inhibition  of 
EGFR  expression  has  been  shown  to  sensitize 
head-and-neck  cancer  cells  to  docetaxel  (50). 
The  involvement  of  PIM  kinases  m  induced 
resistance  to  cvtotoxic  drugs  has  not  been 
documented  thus  far.  However,  activation  of 
AKT  has  often  been  described  (6,51)  The  PIM 
kinases  and  AKT  kmases  have  been  described  as 
mediating  separate  but  parallel  survival 
pathways  (52).  At  tunes  they  also  phosphorylate 
the  same  substrates.  Thus  the  involvement  of 
PIM  kmases  in  induced  resistance  to  cvtotoxic 
thugs  may  be  anticipated  in  cells  where  the 
kinase  is  expressecL 

The  mechanism  through  which  docetaxel 
activates  the  STAT3->PIMl->  NF-tB  pathway 
is  unknown  at  present.  Docetaxel  induces  an 
mcrease  m  reactive  oxygen  species  (ROS),  as  do 
many  cvtotoxic  drugs  (53).  This  form  of 
oxidizing  stress  inhibits  phosphatase  activity-, 
leading  to  an  increase  m  tyrosine 
phosphorylation  of  multiple  proteins  (54-56). 
Transactivation  of  receptor-type  tyrosine  kmases 
(such  as  the  EGFR)  has  been  shown  in  cells 
stressed  by  ROS,  and  by  cvtotoxic  agents 
including  paclitaxel  (57-5 9).  Docetaxel  can 
transactivate  the  EGFR-  and  EGFR  inhibitors 
can  act  synergistically  with  taxanes  to  enhance 
cancer  cell  kill  (43,51).  However,  we  continue 
to  see  expression  of  pSTAT3  or  PTM1  proteins 
following  docetaxel  treatment  of  RWPE-2  cells 
pretreated  with  an  EGFR  inhibitor  (data  not 
shown).  ROS  have  previously  been  shown  to 
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activate  JAK  kinase  signaling  m  some  cells 
lines,  possibly  providing  a  mechanism  for  STAT 
activation  as  well  (60.61).  ROS  can  also  activate 
STAT  proteins  without  JAK  kinase  activation 
(62).  Regardless  of  die  most  proximal  mediators, 
activated  STATS  is  a  known  mediator  of  ROS- 
indnced  survival  signals.  Furthermore  STAT 
transcription  factors  are  known  upstream 
mediators  of  PIM1  transcription,  at  least  m 
hematopoietic  cells  (63-65).  Our  data 
demonstrate  that  STAT3  regulates  PIM1 
expression  in  prostate  cells  as  well.  The  decoy 
studies  establish  a  linear  relationship  between 
STATS  and  PIMl  as  downstream  mediators  of 
docetaxel  survival  signals.  Smce  prostate  cancer 
cells  frequently  express  activated  STAT3  and 
PIM1,  this  relationship  may  occur  constitutivelv 
as  well  (66-68). 

Our  identification  of  a  drug-induced 
signaling  pathway  leading  to  NFkB  activation  is 
consistent  with  the  known  effects  of  docetaxel 
(69-71).  While  many  prostate  cancer  cell  lines 
show  constitutive  activation  of  NFkB 
transcriptional  complexes,  docetaxel  can  further 
increase  NFkB  transcriptional  activity  (70).  Our 
studies  indicate  that  in  RWPE-2  cells,  docetaxel 
activates  NFkB  m  a  PIM1 -dependent  manner. 
Previous  reports  have  shown  that  the  related 
PIM2  kinase  can  activate  NFkB  activity  (72). 
although  alternative  opinions  about  the  PDvll 
kinase  have  been  presented  (73).  PEM2  activates 
NFkB  activity  through  phosphorylation  and 
activation  of  the  COT  TPL2  kinase,  a  kinase 
with  known  IkB  kinase-like  activity  (72). 
Clarification  as  to  whether  the  PIMl  kinase  acts 
through  this  mechanism  or  through  another 
pathway  will  require  further  studies. 

A  decrease  in  NFkB  expression  or  activity 
would  be  predicted  to  increase  docetaxek 
induced  cell  death  in  both  RWPE-2  pLNCX  and 
RWPE-2  PIMl  cell  lines  06),  and  this  was  in 
feet  seen  (Fig.  13).  However,  cells  with  higher 
expression  of  the  PIM1  kinase  were  more 
sensitise  to  the  blockage  of  NFkB  function  (Fig. 
13  B).  Compared  with  ±eir  effects  m  RWPE- 
2  pLNCX  cells,  p65  RELA  siRNAs  were 
significantly  more  effective  at  potentiating 
docetaxelinduced  death  in  RWPE-2  PIMl  cells. 
P50NFKB1  siRNAs  were  also  more  active 
against  cells  with  high  levels  of  PIM1,  but  the 


effect  wras  of  borderline  significance.  These 
data  suggest  that  the  pro-survival  effect  of  PIM1 
kinase  in  docetaxel- treated  cells  likely  involves 
members  of  the  NFkB  transcriptional  complex, 
particularly  p65RELA  The  observation  that 
inhibition  of  NFkB  only  partially  enhances 
docetaxel- induced  cell  death  in  PIMl  expressing 
cells  is  consistent  with  the  ability  of  the  kinase 
to  protect  cells  through  other  mechanisms,  as 
well  as  the  incomplete  knockdow  n  of  the  target 
protein  m  RWPE-2  cells.  Nevertheless,  the 
result  demonstrates  that  PIM1.  like  PIM2  (72), 
can  mediate  NFkB  activation,  and  that  PIM1 
also  requires  NFkB  transcriptional  activity  for 
the  development  of  the  full  drug-resistance 
phenotype. 

The  survival  response  induced  by  low 
concentrations  of  docetaxel  is  reminiscent  of  the 
concept  of  homiesis.  A  controversial  body  of 
literature  documents  that  stressors  (including 
radiation,  gases,  toxins,  exercise,  and  others)  can 
produce  biphasic  dose-response  curves  in 
various  assay  systems  (74,75).  At  low  doses  a 
protective  (honnetic)  response  is  generated, 
while  at  high  doses  toxicity  is  the  result. 
Honnesis  has  been  invoked  to  explain  the 
beneficial  effects  of  calorie  restriction,  exercise, 
and  various  phytochenucals  m  disease 
prevention.  In  many  cancer  cells  lines,  cytotoxic 
agents  also  generate  a  classic  biphasic  honnetic 
dose-response  curve  (76-78).  Figure  7 
demonstrates  the  same  phenomenon  in  our 
experimental  system.  There  is  a  24%  increase  m 
regrowth survival  of  RWPE-2  PIMl  cells 
treated  with  lowr  concentrations  (0.5-l.QnM)  of 
docetaxel  compared  to  the  survival  of  untreated 
RWPE-2. PIMl  cells  (p  O.OOl).  In  contrast, 
survival  of  PWPE-2  NT8 1  cells  treated  similarly 
is  worse  than  that  of  RWPE-2  PIMl  cells  and 
there  is  no  enhancement  of  survival  at  low  druz 

w 

concentrations.  Our  data  strongly  suggest  that 
the  PIMl  kinase  participates  m  cytotoxic  -drug 
induced  honnesis.  PI\11  is  also  increased  in 
response  to  a  wide  vanety  of  cellular  stressors  - 
growth  factors,  oncogenes,  heat,  radiation, 
toxins,  oxidative  stress,  and  hypoxia.  Thus  one 
mayr  postulate  that  PIMl  is  a  general  mediator  of 
honnesis.  or  protective  stress  responses  induced 
by  low  level  environmental  stresses.  Recently, 
small  molecule  inhibitors  of  the  PIM  kinases 
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haw  been  described  in  \itro  and  in  cell-based  based  chemotherapy  regimen  However  it  will 
systems  (79-81).  Targeting  the  PIM1  kinase  may  be  important  to  determine  if  the  same  maneuver 

be  a  beneficial  addition  to  traditional  docetaxek  will  increase  normal  tissue  Toxicity  as  well. 
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FOOTNOTES 

The  woik  was  supported  by  Award  W8 1XWH-04- 1-0087  from  the  Deparanent  of  Defense  CDMRP 
Prostate  Cancer  Program. 

The  abbreviations  used  are:  STAT3,  signal  transducer  and  activator  of  transcription  3;  NFkB.  nuclear 
factor  kappa  B:  PBS,  phosphate  buffered  solution.  TBST,  ms -buffered  saline  Tween-20:  SDS.  sodium 
dodecvl  sulfate:  EDTA.  ethylenediaminetetraacetic  acid. 

FIGURE  LEGENDS 

Fig.  1.  Time  course  of  PIM1  expression  induced  by  docetaxel  RWPE-1  and  RWPE-2  cells  were  treated 
with  lOnM  or  lOOnM  docetaxel  for  the  indicated  tune.  PIMland  fi-ACTCN  proteins  were  analyzed  by 
immunoblot  analysis.  One  of  three  similar  blots  is  shown  Ratio*  =  ratio  PD1  I  f -ACTIN'  from  pooled 
densitometry  data  from  three  separate  experiments.  P  value**  =  probability  of  no  difference  m  ratios 
(treated  vs  untreated  cells)  by  paired  T  test  (n  =  3). 

Fig.  2  Up-regulation  of  PDvll  tnRNA  transcription  m  RWPE-1  and  RWPE-2  prostate  cell  hues  treated 
with  docetaxel.  Real-time  PCR  was  used  to  measure  PIM1  mRNA.  Each  value  represents  the  mean  (± 
SD)  of  nine  pooled  measurements  produced  by  three  independent  experiments.  Bars  show  the  relative 
fold- increase  of  PIM1  RNA  level  (normalized  to  the  RNA  level  of  the  housekeeping  gene  cofilm).  and 
compared  to  untreated  control  (0  hours).  P  values  (above  error  bars)  were  calculated  by  T-tests,  and 
represent  the  probability  of  no  difference  between  the  test  and  control  values. 

Fig.  3.  Independence  of  PIM1  expression  and  cell  cycle  arrest.  (.-1),  DNA  histogram  analysis  of  RWPE-2 
cells  after  docetaxel  lOnM  or  lOOnM  treatments  for  24  horns.  “sGl"  represents  a  sub-Gl  cell  population 
with  less  then  2N  DNA  content.  G1  and  “G2”  shows  the  appearance  of  cells  in  GO 1  or  G2  M  phases  of 
cell  cycle.  (B),  Immunoblot  analysis  of  cvchn  Bl.  PIM1  expression  after  docetaxel  10  nM  (B,  left  panel) 
or  100  nM  (B.  nght  panel)  treatment  at  vanous  time  points. 

Fig.  4.  PIM1  expression  protects  RWPE-2  cells  from  docetaxel  induced  cell  death.  RWPE-2  cells 
transfected  with  pLNCX  (  =  vector)  or  pLNCX  PIM1  ( =  PIM1)  constructs  were  treated  with  docetaxel 
for  24.  48.  and  72  hours,  then  cell  viability  was  determined  by  the  MTT  assay.  Results  were  normalized 
to  the  values  for  untreated  cells.  Each  value  represents  the  mean  (±  SD)  of  nine  measurements  pooled 
from  three  independent  experiments.  P  values  were  determined  by  T-tests  for  comparisons  between 
PIM1-  and  vector-transfected  cells  treated  similarly.  (**)  represents  a  p  value  of  <0.01.  indicating  that 
the  chance  for  no  difference  between  PIM1-  and  vector-transfected  cells  was  less  than  one  percent. 
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Fie.  5.  Knockdown  of  PIM1  expression  with  siRNA  sensitizes  prostate  cells  to  docetaxel- induced  cell 
death.  (A).  RWPE-2  cells  were  transfected  with  plasmids  encoding  control  siRNA  or  PIM1  siRNA  and 
treated  with  1  OOnM  of  docetaxel  for  6  hours.  Expression  of  PIM1.  p-ACTIN  proteins  was  analyzed  by 
Inimunoblotmg.  (B).  Cell  viability  measured  with  MTT  assay  after  docetaxel  treatment  for  up  to  72hrs. 
Each  value  is  the  mean  (±  SD)  of  mne  measurements  pooled  from  three  independent  experiments.  P 
values  were  determined  by  T-tests  for  comparisons  between  PIM1  siRNA-  and  control  siRNA-treated 
cells. 

Fig,  6  Expression  of  a  dominant-negative  (NT81)  PDvll  protein  sensitizes  prostate  cells  to  docetaxek 
induced  cell  death  (/I).  RWPE-2  stable  pools  transfected  with  vector  pLNCX  or  pLNCX  PIM1  or 
pLNCX/NTSl  were  treated  with  the  indicated  concentrations  of  docetaxel  for  24  hours.  Cell  viability  was 
measured  by  MTT  assay,  and  showed  the  proportion  of  viable  cells  in  treated  cultures  compared  with 
those  m  untreated  cultures  (NC).  Each  bar  show's  the  mean  (=  SD)  of  mne  measurements  pooled  from 
three  independent  experiments.  P  values  were  calculated  by  T-tests.  (**)  =  p<0.01  and  indicates  that  the 
chance  of  no  difference  between  treated  and  untreated  cultures  is  less  than  one  percent  (B).  Identification 
of  PIM1  and  NT81  transgene  expression  m  RWPE-1  and  RWPE-2  stable  pools  was  determined  by 
Western  blot  with  indicated  antibodies.  (C),  Detection  of  apoptosis  induced  by  treatment  with  lOOnM 
docetaxel  for  24  hours  m  RWPE-1  and  RWPE-2  cells  tnocfected  with  vector  (pLNCX)  :  pLNCXPIMl 
or  pLNCX  NT81.  ‘  Percent  Apoptotic  Cells”  represents  the  percent  cells  positive  for  carboxyfhiorescein 
caspase.  determined  by  flow  cytometery.  The  basal  percent-posidve-cells  (typically  <5%)  from  untreated 
cultures  has  been  subtracted  from  each  bar  value.  Each  bar  shows  the  mean  (=  SD)  of  nine  measurements 
pooled  from  three  independent  experiments.  P  values  were  calculated  by  T-tests.  (**)  =  pr;0.01  and 
indicates  that  the  chance  of  no  difference  between  different  cell  lines  is  less  than  one  percent. 

Fig.  7.  PDvll  kinase  protects  RWPE-2  prostate  ceEs  with  proliferative  potential  from  docetaxel 
cytotoxicity.  RWPE-2  PIM1  (wild-type  PIM1)  and  RWPE-2NT81  cells  (dominant-negative  PIM1) 
were  treated  with  docetaxel  for  24hrs.  Additional  cultures  of  the  same  cells  were  treated  similarly  but 
without  docetaxel.  Cells  were  then  trypsmized.  diluted,  replated  in  fresh  medium,  and  allowed  to  grow 
for  6-7  days.  Cultures  were  then  fixed  with  fcnnalin  and  stained  with  crystal  violet  to  measure  cell 
growth.  Comparisons  of  the  regrowfh  of  treated  cultures  were  made  with  similar,  untreated  cells,  but 
comparisons  were  always  made  between  wells  with  OD5T0  values  on  the  linear  part  of  a  cell  density 
standard  curve.  Each  point  represents  the  mean  (±  SD)  of  9-18  measurements  pooled  from  two 
independent  experiments.  Untreated  cell  cultures  were  assigned  a  relative  regrowth  value  of  1.0. 

Fig.  8.  Time  course  of  phosphorylation  of  STAT3  and  induction  of  PDvll  expression.  Immunoblots  of 
RWPE-1  cells  (Panel.!  &  B)  or  RWPE2  cells  (Panel  C  &  D)  treated  with  10  nM  (A  and  O  or  100  nM  (B 
and  D)  of  docetaxel. 

Fig.  9.  STAT3  decoy  inhibits  PDvll  expression  m  prostate  RWPE-2  cells  and  prevents  PDvll  up 
regulation  in  cells  treated  with  docetaxel.  (Panel.!),  RWPE-2  cells  were  transfected  with  STAT3  mutant 
control  oligonucleotides  or  STAT3  decoy  oligonucleotides  and  incubated  for  48  hours.  Expression  of 
PD11  and  as  the  known  STAT3  target  gene  BCLX.  were  analyzed  by  rmmunoblotting.  (Panel  B), 
R.WPE-2  cells  were  transfected  with  STAT3  mutant  control  oligonucleotides  or  STAT3  decoy 
oligonucleotides  and  incubated  for  16  hours.  Cells  were  treated  with  lOOnM  of  docetaxel  for  6  hours, 
then  lysed  and  analyzed  for  then  levels  of  expression  for  PDvll.  phosphoSTAT3  and  total  STAT3. 

Fig.  10.  Elevated  level  of  PIM1  protein  enhances  NFkB  activity  in  RWPE-2  prostate  cancer  cells.  A 
pool  of  RWPE-2  cells  stably  expressing  a  NFtcB-luciferase  reporter  plasmid  wras  infected  with 
retroviruses  encoding  a  PDvll  cDNA.  After  selection  with  G418,  stable  pools  w'ere  analyzed  for 
expression  of  PDvll  by  immimoblothng  (data  not  shown).  RWPE-2  NFtcB-hiciferase  pLNCX  cells  and 
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RWPE-2NFKB-luciferase  PIM1  cell',  were  plated  and  allowed  to  grow'  overnight.  On  the  next  day  the 
expression  of  luciferase  was  measured  and  normalized  to  the  protein  concentration  for  each  sample.  The 
normalized  activity  m  PEvll  expressing  cells  was  compared  to  that  of  vector-transfected  cells.  The  values 
present  the  mean  {±  SD)  of  the  means  from  five  independent  experiments.  The  paired  T-test  was  used  to 
determine  statistical  significance  for  the  ’.'allies  of  luciferase  activity  measured  in  the  PIM1  expressing 
cell  line  as  compared  to  the  vector  transfected  cells. 

Fig.  11.  Expression  of  a  kinase-inactive.  dominant-negative  PDvll  (NT81)  decreases  docetaxekinduced 
activation  of  NF-cB.  RWPE-2  cells  stably  expressing  a  NF--J3  -luciferase  rep  oner  gene  were  infected  with 
retroviruses  carrying  pLNC'X  vector  or  pLNCX  NT81  constructs.  Pools  were  selected  with  G418.  and 
transgene  expression  was  documented  by  unmunoblotting  (data  not  shown).  RWPE-2 TsFkB- 
luciferase  pLNCX  and  RWPE-2  .'NFkB-hiciferase  NT8 1  cells  were  treated  for  6  hours  with  indicated 
concentranons  of  docetaxel  and  luciferase  activity  was  determined.  Each  bar  represents  the  mean  (±  SD) 
of  triplicate  determinations  one  of  three  similar  experiments.  P  values  were  calculated  by  T-tests.  (**) 
indicates  a  P  value  of  <0.01,  showing  that  the  chance  of  no  difference  m  luciferase  activity  between 
vector  and  NTS  1  -transduced  cells  is  less  than  one  percent. 

Fig.  12.  siRNA  oligonucleotides  inhibit  expression  of  p65  RELA  and  p50NFKBl  proteins,  and  NF-;B 
transcriptional  activity.  (.4).  RWPE-2  NFKB-hiciferase  PIM1  cells  were  transfected  with  control  siRNA, 
siRNAs  targeting  p50  NFKB1  ( =  si  p50),  or  p65  RELA  ( =  si  p65).  After  48  hours  the  luciferase  activity 
was  measured  and  compared  with  that  of  RWPE-2  NF-tB-luciferase  pLNCX  cells  transfected  similarly. 
Each  bar  represents  the  relative  luciferase  activity  of  the  various  cells  compared  with  that  of  vector- 
transduced  cells  treated  with  control  siRNA.  The  values  are  the  mean  (±  SD)  of  six  measurements 
pooled  from  two  independent  experiments  (B),  hnmunoblot  analysis  of  NFKB1  (top)  and  RELA 
(bottom)  protem  expression  in  cells  treated  with  siRNAs.  B-ACTIN  expression  documents  equal  loading 
of  the  lanes. 

Fig.  13.  Inhibition  of  NFkB  activation  by  siRNA  mcreases  doc etaxei-mduced  cell  death  00,  RWPE- 
2  pLNCX  and  RWPE-2  PIM1  cells  were  transfected  with  the  indicated  siRNAs  and  allowed  to  rest  for  24 
hours  Docetaxel  (lOOnM)  wras  hen  added  for  48  hours.  Cell  survival  was  then  estimated  by  MTT  assay. 
Each  bar  represents  he  mean  (±  SD)  of  six  measurements  pooled  from  two  independent  experiments.  P 
values  were  calculated  by  T-test.  and  represent  comparisons  between  PIM1  expressing  cells  and  vector 
control  cells,  as  well  as  among  cells  treated  wih  different  types  of  siRNAs.  (B).  MTT  survival  data  from 
(panel  .4)  for  docetaxektreated  cells  are  re-presented  following  normalization  cf  the  data  to  the  values  for 
control  si  RNA-treated  cells.  In  this  analysis,  survival  (as  ODi?0  from  the  MTT  assay)  of  cells  transfected 
wih  NF>:B-targetmg  siRNAs  is  shown  as  a  percent  of  he  values  for  the  same  cells  treated  with  control 
siRNA.  Each  bar  presents  the  mean  (±  SD)  of  six  measurements  pooled  from  two  independent 
experiments  P  values  w'ere  calculated  by  T-test.  and  represent  the  likelihood  that  here  is  no  difference  m 
he  sensitizing  effect  of  the  siRNA  between  vector-  and  PIM1 -transduced  cells. 
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Figure  3 
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